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1.1.  LA MICROBIOTA INTESTINAL  
 
1.1.1. Microbiota intestinal: composición y funciones. 
La microbiota intestinal (MI) constituye uno de los grupos más complejos y de 
mayor concentración de microorganismos en la naturaleza, y engloba bacterias, 
arqueobacterias, protozoos, hongos y bacteriófagos (Zoetendal y col., 2004). Los 
principales filos bacterianos en la MI de adultos sanos son Firmicutes, que pueden 
representar hasta un 75% de las bacterias totales; Bacteroidetes, normalmente presentes 
entre un 10 y un 50%; y Actinobacteria, que habitualmente suponen hasta un 10% del 
total. Los géneros mayoritarios de cada uno de los tres filos son Faecalibacterium, 
Bacteroides y Bifidobacterium, respectivamente (Arumugam y col., 2011). 
En los últimos años, se han identificado varios cientos de especies y cepas 
bacterianas diferentes en materia fecal, así como en las superficies mucosas del intestino 
(Macfarlane y Macfarlane, 2007). De hecho, la MI es una asociación compleja de más 
de 1.000 especies diferentes y se estima que alrededor de 1014 microrganismos, en su 
gran mayoría (>99.9%) anaeróbicos, están albergados en el tubo digestivo, 
principalmente en el colon. Por otro lado, el ecosistema intestinal humano se ha 
clasificado en torno a tres grupos, llamados enterotipos, de acuerdo a la abundancia 
relativa de tres géneros: Bacteroides (enterotipo 1), Prevotella (enterotipo 2) y 
Ruminococcus (enterotipo 3) (Robles-Alonso y Guarner, 2013). La Tabla 1.1 reúne los 
géneros microbianos habituales en heces humanas, los cuales se consideran un reflejo 
de la microbiota del colon (Delgado, 2005; Schwiertz y col., 2010). 
El genoma colectivo de esta microbiota, denominado “microbioma”, tiene más de 
5 millones de genes, es decir, 150 veces más que el propio genoma humano (Gotteland, 
2013).  
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Tabla 1.1. Microorganismos detectados comúnmente en heces humanas y su 
concentración 
Grupo microbiano Número (ufc/g) 
Bacteroides 10
9
-10
12
 
Bifidobacterias 10
9
-10
11
 
Eubacterias 10
9
-10
11
 
Faecalibacterium ≥ 109 
Peptoestreptococos 10
9
-10
11
 
Peptococos 10
9
-10
11
 
Ruminococos 10
5
-10
11
 
Fusobacterias 10
6
-10
10
 
Clostridios 10
6
-10
9
 
Lactobacilos 10
5
-10
8
 
Enterobacterias 10
5
-10
8
 
Enterococos 10
5
-10
7
 
Estreptococos 10
3
-10
5
 
Levaduras 10
2
-10
5
 
Estafilococos 0-10
4
 
 
Las poblaciones bacterianas y el metabolismo de la microbiota varían a lo largo 
del aparato digestivo, de forma que podemos encontrar una diferente composición 
dentro del mismo individuo, según analicemos una u otra región. La Figura 1.1 muestra 
el tracto gastrointestinal (TGI) con los niveles de microorganismos presentes y las 
bacterias mayoritarias. Entre las numerosas bacterias que habitan en la cavidad oral, las 
más comunes son los estreptococos. El estómago no alberga un número elevado de 
bacterias debido a su bajo pH y a un tránsito rápido, pudiéndose encontrar, en el 
estómago adulto sano, alrededor de 103 bacterias por  mililitro de contenido estomacal. 
El duodeno también tiende a ser ácido con un tránsito rápido y, además, recibe las 
secreciones pancreáticas y biliares que crean un ambiente hostil para los microbios. A lo 
largo del yeyuno, y particularmente del íleon, hay un aumento gradual en el número y la 
diversidad de bacterias presentes. Finalmente, el colon contiene la mayoría de los 
microbios gastrointestinales, con unos 1011 organismos por  mililitro de contenido 
intestinal (Binns, 2013). En concreto, entre las especies bacterianas dominantes en el 
intestino grueso de personas que siguen una dieta occidental, cabe citar 
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Faecalibacterium prausnitzii y Eubacterium rectale, ambas productoras de butirato 
(Scott y col., 2013 y 2014). 
Figura 1.1. Número y bacterias mayoritarias a lo largo del TGI 
 
Esta microbiota no es simplemente una colección de microorganismos, sino que 
existe una interrelación entre los diferentes grupos que pueden trabajar juntos para el 
beneficio del anfitrión. 
La MI establece también con su huésped una estrecha simbiosis; el ser humano le 
facilita nutrientes y condiciones adecuadas para su desarrollo y ella ejerce tres funciones 
primarias: metabólicas, tróficas y de defensa indispensables para éste (Gotteland, 2013).  
a) Funciones metabólicas. La diversidad de genes en la comunidad microbiana 
proporciona una gran variedad de enzimas y vías bioquímicas distintas de los 
recursos propios del anfitrión, que permiten la fermentación, fundamentalmente en 
el ciego y colon derecho, de los sustratos no digeribles de la dieta, así como la 
síntesis de vitaminas del grupo B y vitamina K. Entre los hidratos de carbono 
disponibles para las bacterias en el colon cabe destacar el almidón resistente, los 
polisacáridos no amiláceos y los oligosacáridos. La fermentación de estos sacáridos 
resulta en la producción de ácidos grasos de cadena corta (AGCC: acetato, 
propionato, butirato) y en la disminución del pH. Se ha estimado que los AGCC 
pueden cubrir aproximadamente entre un 5-15% de los requerimientos calóricos 
totales de los seres humanos y, además, favorecen la absorción de iones como el 
calcio, hierro y magnesio. En particular, el butirato es la fuente principal de energía 
para los colonocitos, mientras que el propionato se transporta al hígado donde 
interviene en la gluconeogénesis, y el acetato entra en la circulación sistémica y es 
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utilizado por el cerebro, el corazón y tejidos periféricos, a la vez que participa en la 
lipogénesis. Igualmente, durante la fermentación de los carbohidratos también se 
pueden liberar y transformar fitoquímicos con actividades anti-inflamatorias y 
antioxidantes (Macfarlane y Macfarlane, 2007; Hamer y col., 2008; Scott y col.,  
2013). Por el contrario, el metabolismo anaeróbico de péptidos y proteínas 
(putrefacción), que se produce en segmentos más distales del colon, genera una 
serie de sustancias potencialmente tóxicas incluyendo amoníaco, aminas, fenoles, 
tioles e indoles (Guarner y col., 2007). La Figura 1.2 muestra parte de la actividad 
metabólica que tiene lugar en el colon (adaptada de Binns, 2013). 
Las principales especies de la microbiota colónica que fermentan los carbohidratos 
pertenecen a los géneros Bacteroides, Bifidobacterium, Ruminococcus, 
Eubacterium y Lactobacillus (Binns, 2013).  
 
Figura 1.2. Actividad metabólica de la MI en la primera parte del colón 
b) Funciones tróficas. Las interacciones entre los microorganismos, el epitelio y los 
tejidos linfoides intestinales son múltiples, diversas en sus características y 
continuas. Las bacterias intestinales pueden controlar la proliferación y 
diferenciación de las células epiteliales. Estas células juegan un papel muy 
importante en la logística del sistema inmune ya que su posición en primera línea y 
en contacto con la luz intestinal es crucial para el reconocimiento inicial de 
moléculas foráneas, así como para la generación de señales que se transmiten a las 
células inmunocompetentes del tejido subyacente. Asimismo, las células epiteliales 
emiten señales con capacidad de atraer y activar leucocitos, aumentar el flujo 
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sanguíneo, incrementar la permeabilidad capilar, etc. Algunas anomalías en el 
desarrollo del sistema inmune podrían deberse a defectos en la interacción de la 
microbiota con los compartimientos inmuno-competentes de la mucosa. La 
hipótesis de la higiene excesiva sugiere que la incidencia cada vez mayor en la 
sociedad de atopias (eczema, asma, rinitis, alergias), enfermedad inflamatoria 
intestinal y trastornos autoinmunes (esclerosis múltiple, diabetes) podría explicarse 
por una falta de exposición a agentes bacterianos en edades tempranas de vida 
(Delgado, 2005; Guarner y col., 2007). 
c) Funciones protectoras. La flora residente en el tubo digestivo también previene 
contra la invasión de microorganismos patógenos, mediante el denominado “efecto 
barrera”, asociado a la capacidad de ciertas bacterias para segregar sustancias 
antimicrobianas que impiden o limitan su proliferación, así como a la competición 
entre bacterias por los recursos del sistema, ya sean nutrientes o nichos ecológicos. 
Es una creencia extendida que algunas bacterias intestinales son beneficiosas para 
la salud, mientras que otras son perjudiciales, ya que causan diarrea, invasión de la 
mucosa intestinal o activación de carcinógenos. Entre las bacterias potencialmente 
saludables cabe destacar bifidobacterias y lactobacilos, ambas pertenecientes al 
grupo de bacterias productoras de ácido láctico, y también las eubacterias, como se 
observa en la Figura 1.3 (Ladirat, 2014). En particular, las bifidobacterias son 
capaces de prevenir o aliviar la diarrea infecciosa estimulando la respuesta del 
sistema inmune y de resistir la colonización por patógenos. Además, existen 
evidencias experimentales que sugieren que ciertas bifidobacterias pueden proteger 
al huésped de actividad cancerígena en la flora intestinal (Picard y col., 2005). Por 
otro lado, una revisión reciente realizada por Hill y col. (2014) recoge que las 
especies Akkermansia muciniphila y Faecalibacterium prausnitzii, junto con otras 
como Roseburia spp. y Eubacterium hallii, podrían ser útiles en la mitigación de la 
inflamación intestinal, inducción y regulación del sistema inmune o mejora de la 
función de barrera intestinal. 
La Tabla 1.2 recoge funciones significativas y patologías vinculadas a la MI 
(adaptada a partir de Guarner 2002 y 2007). 
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Figura 1.3. Efectos de la MI  
Tabla 1.2. Funciones de la MI y dolencias asociadas a su alteración  
Funciones primarias Patologías  
Nutrición y metabolismo Encefalopatía hepática 
Diarrea 
Diabetes                   
Obesidad 
Cáncer de colón  
Enfermedad inflamatoria intestinal  
Síndrome del intestino irritable 
Infecciones gastrointestinales 
Enterocolitis necrotizante 
Protección y defensa (“Efecto 
barrera”) 
Funciones tróficas sobre la 
proliferación y diferenciación 
del epitelio intestinal y sobre el 
desarrollo y modulación del 
sistema inmune 
 
El creciente interés por conocer el papel que juegan los microorganismos en un 
ecosistema complejo como es el intestino y por caracterizar su biodiversidad ha sido el 
motor de la investigación realizada en las últimas décadas en el campo de la MI 
(Zoetendal y col., 2004).  
 
1.1.2. Cambios en la composición de la MI. 
La composición de la MI es muy variable de un individuo a otro, viéndose 
afectada fundamentalmente por factores tales como la edad, la dieta o la fisiología de 
acogida. No obstante, es muy estable dentro de cada individuo a lo largo de su vida, 
Patógenos
(incluyendo la generación de toxinas)
Diarrea/ estreñimiento
Infecciones
Daños hepáticos
Cáncer
Encefalopatía
EFECTOS PERJUDICIALES/ PATÓGENOS FUNCIONES DE PROMOCIÓN DE LA SALUD
PS-AERUGINOSA
PROTEUS
ESTAFILOCOCOS
CLOSTRIDIA
VEILLONELLAE
LACTOBACILOS
EUBACTERIA
BIFIDOBACTERIA
ENTEROCOCOS
E. COLI
ESTREPTOCOCOS
BACTEROIDES
Producción de carcinógenos
Putrefacción intestinal
Inhibición del crecimiento de 
bacterias exógenas y/ o perjudiciales
Estimulación de funciones 
del sistema inmune
Ayuda en la digestión y/ o 
absorción de ingredientes
Síntesis de vitaminas
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estando sujeta a perturbaciones transitorias derivadas, por ejemplo, del padecimiento de 
enfermedades y el uso de medicación (en particular los antibióticos). 
o Edad. El medio ambiente en el que tiene lugar el nacimiento, la microbiota de la 
madre y la alimentación son variantes fundamentales en los primeros meses de 
vida. Las bifidobacterias dominan la microbiota fecal de los lactantes sanos, 
mientras que los bebés alimentados con fórmulas saludables tienen una gama 
más amplia de organismos, entre ellos bifidobacterias, Bacteroidetes, clostridios, 
enterobacterias y estreptococos. A partir del destete, hay cambios en el número y 
la diversidad de la flora intestinal, que comienza poco a poco a parecerse a la de 
un adulto. Una vez establecida la microbiota adulta, a la edad de 2-3 años, es 
relativamente estable dentro del individuo (Binns, 2013). Sin embargo, la 
diversidad bacteriana disminuye con el transcurso de los años, hecho que se 
relaciona con la decadencia observada en la salud de personas mayores y con los 
trastornos característicos de la edad avanzada como la malnutrición, baja 
respuesta inmune, tiempos de tránsito intestinal lentos o síndrome de intestino 
irritable (Ladirat, 2014). La Figura 1.4 muestra la evolución de ciertos grupos 
bacterianos desde el nacimiento hasta la vejez (Mitsuoka, 1992).  
 
Figura 1.4. Evolución de la MI con la edad 
Ante esta situación, la comunidad científica ha advertido de la necesidad de 
desarrollar estrategias nutricionales preventivas que promuevan un 
envejecimiento saludable y que incluyan, entre otros, la ingesta de suplementos 
dietéticos con prebióticos (Woodmansey, 2007). 
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o Dieta. La dieta es probablemente el factor más importante para determinar el 
tipo de MI que se desarrolla en cada persona, por lo que cualquier modificación 
en la ingesta de los tres macronutrientes principales (carbohidratos, proteínas y 
grasas) puede afectar significativamente a la composición de la MI; esto 
explicaría por ejemplo, que el microbioma fecal de los adultos europeos sea más 
similar al de los adultos que viven en los EE.UU., que a los de América del Sur 
o Malawi (Scott y col., 2013). De igual modo, la investigadora Patrizia Brigidi 
ha concluido que los hazda, una tribu de cazadores-recolectores del noroeste de 
Tanzania, tienen una mayor variedad y una composición muy diferente de 
microbiota respecto a italianos sanos. Dentro de las diferencias, los hazda tienen 
más microorganismos relacionados con producir compuestos destinados a 
proporcionar energía, mientras que en los italianos son más frecuentes los que se 
encargan de digerir fibra. Además, su composición es diferente entre mujeres 
(con una alimentación más rica en tubérculos) y hombres (con más caza). 
En los procesos metabólicos, además de la variedad microbiana, influyen 
factores como la composición química y las características físicas del sustrato 
fermentable, así como su contenido y/o la disponibilidad de compuestos 
inorgánicos aceptores de electrones como los iones NO3- y SO42 (Guarner, 2002; 
Macfarlane y Macfarlane, 2007; Scott y col., 2013; Robles-Alonso y Guarner, 
2013).  
La producción de gases de hidrógeno, metano y dióxido de carbono también 
afecta al equilibrio de la microbiota, a la vez que pueden causar flatulencia e 
incomodidad intestinal. 
Son numerosos los trabajos que han centrado su atención en la modulación de la 
MI mediante la ingesta de alimentos funcionales, que son aquellos que añaden a 
la función nutritiva un efecto beneficioso sobre la salud. Entre los constituyentes 
de estos alimentos se encuentran los probióticos, los prebióticos y los 
simbióticos, cuya definición y propiedades se tratan más adelante (Mandalari y 
col., 2008; Álvarez-Calatayud y col, 2013).  
o Enfermedad e ingesta de antibióticos. La relación entre la composición de la 
microbiota y ciertas enfermedades aparece recogida en varios estudios, que han 
demostrado que la relación Firmicutes/ Bacteroidetes difiere entre sujetos 
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humanos obesos y delgados, debido principalmente a una proporción reducida 
de Bacteroidetes en los individuos obesos, lo que sugiere que la modulación de 
comunidades bacterianas específicas podría ser beneficiosa en el tratamiento de 
la obesidad (Ley y col., 2006; Turnbaugh y col., 2009). Asimismo, otros trabajos 
recientes en humanos han relacionado el aumento de Lactobacillus y la 
disminución de Bifidobacterium con la obesidad (Schwiertz y col., 2010.b; 
Million y col., 2012). También cabe destacar que incluso sin haberse establecido 
una relación de causa-efecto entre baja riqueza microbiana y enfermedad, hay 
indicios científicos de que la exposición a los antibióticos en edades tempranas 
es un factor de riesgo para el desarrollo de molestias intestinales u obesidad, lo 
que sugiere que el agotamiento de algunas bacterias comensales podría tener 
consecuencias de salud más adelante en la vida adulta (Hill y col., 2014). 
Aunque los antibióticos son importantes para tratar infecciones o dolencias que 
pueden contraerse en  distintas partes del cuerpo, tienen efectos secundarios al 
inhibir o acabar con bacterias que no eran el objetivo, especialmente con 
aquellas que forman parte de la MI (Willing y col., 2011). Por tanto, los 
tratamientos con antibióticos pueden dar lugar a cambios metabólicos, como la 
disminución de AGCC. El impacto de los mismos va a depender del modo de 
administración, de la dosis o de su absorción en el TGI. El uso de prebióticos es 
una alternativa a seguir para contrarrestar las afecciones intestinales asociadas a 
antibióticos (Ladirat, 2014). 
o Variables psicosociales. Otro aspecto que se relaciona con las alteraciones en la 
MI y, por tanto, que puede ser una de las causas del desarrollo de gastroenteritis 
o de enfermedades como el síndrome del intestino irritable es el estrés (Horwitz 
y Fisher, 2001). En este contexto, hay estudios recientes que afirman que los 
probióticos pueden ser utilizados en los estados de estrés debido a su efecto 
inmunomodulador general. Concretamente, se han estudiado con mayor 
profundidad dos modelos de estrés psicológico como son el asociado con 
exámenes académicos y la anorexia nerviosa, observándose que en ambas 
situaciones el consumo de estos productos permite modular la 
inmunocompetencia, mediante la regulación de las concentraciones de 
citoquinas, inmunoglobulinas y la función linfocitaria (Prados-Bo y col, 2015). 
Igualmente, se ha señalado el estrés como un factor que favorece la alteración de 
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la microbiota mamaria, favoreciendo la aparición de mastitis infecciosas 
(Rodríguez y col., 2008). 
 
1.1.3. Métodos utilizados en el estudio de la MI. 
Tradicionalmente, la caracterización de la MI se ha llevado a cabo mediante la 
combinación del cultivo de microbiota fecal en medios específicos y un contaje en el 
microscopio u otra prueba de identificación (morfológica, fisiológica o bioquímica). El 
empleo de cultivos bacterianos es un método simple, pero presenta ciertas limitaciones 
como son el laborioso aislamiento de los microorganismos o la baja sensibilidad, ya que 
las bacterias cultivables suponen solamente entorno al 20% del total de la población 
bacteriana (Snel y col., 2002; Ladirat, 2014). 
Por ello, en las últimas décadas se han desarrollado herramientas de genética 
molecular, independientes de las técnicas de cultivo, con un gran potencial en 
identificación, cuantificación y tipificación de los microorganismos del TGI y que 
permiten conocer mejor su diversidad y dinámica. Estas aproximaciones se han 
realizado mayoritariamente mediante el estudio de la secuencia del ARN de una 
subunidad pequeña del ribosoma bacteriano (también llamado 16S rARN) o de su 
propio gen (16S rADN). 
Entre las técnicas moleculares cualitativas cabe citar el clonaje y la secuenciación, 
el polimorfismo de la longitud de los fragmentos de restricción (Restriction Fragment 
Lenght Polymorphism o RFLP) y la electroforesis en gel con gradiente desnaturalizante 
(Denaturing Gradient Gel Electrophoresis o DGGE).  
El empleo de la clonación y secuenciación para el estudio de la MI proporciona 
información filogenética detallada, pero conlleva un trabajo largo y tedioso, 
especialmente cuando se trabaja con un elevado número de muestras. Además, como 
todos los métodos dependientes de la reacción en cadena de la polimerasa (Polymerase 
Chain Reaction, PCR), los resultados pueden estar sometidos a desviaciones derivadas 
de esta técnica. Por el contrario, la PCR-RFLP es más sencilla y menos laboriosa, pero 
presenta ciertos inconvenientes como son la necesidad de la secuenciación para 
identificar un determinado fragmento y la variabilidad generada por los sistemas de 
extracción del ADN, por los cebadores utilizados en la PCR o por las diferentes enzimas 
de restricción utilizadas. Finalmente, al igual que en PCR-RFLP, la utilización de 
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DGGE permite trabajar con un gran número de muestras de una forma relativamente 
sencilla, y de hecho se emplea a menudo para comparar comunidades microbianas y 
monitorizar sus dinámicas. No obstante, estos métodos presentan el inconveniente de 
una difícil cuantificación de las bacterias detectadas (Gullón, 2011; Ladirat, 2014). 
Con la finalidad de determinar la abundancia de grupos bacterianos específicos, se 
emplean técnicas moleculares cuantitativas, entre las que cabe destacar la hibridación in 
situ con fluorescencia (FISH) y la PCR cuantitativa en tiempo real. 
La FISH surge a principios de los 90 y se basa en el uso de sondas fluorescentes, 
dirigidas a regiones variables del 16S rARN dentro de las células bacterianas. En 
función de la especificidad de la sonda, se pueden identificar y cuantificar diferentes 
grupos bacterianos (Binns, 2013). La Tabla 1.3 proporciona información detallada de 
las sondas más empleadas en FISH. Los recuentos de células totales se realizan 
mediante tinción con 4', 6-diamidino-2-fenilindol (DAPI), y, como se puede ver en la 
Figura 1.5, se observarían de color azul. Una vez realizada la hibridación, el contaje de 
las células fluorescentes se puede ejecutar de dos modos diferentes. El más común es el 
contaje manual o semiautomático mediante la utilización de un microscopio de 
epifluorescencia. Sin embargo, este sistema es lento y por ello, actualmente, se intenta 
complementar esta técnica con un citómetro de flujo, permitiendo así contajes más 
rápidos y sensibles (Zoetendal y col., 2004). Su alta especificidad y sensibilidad han 
hecho de la FISH una técnica citogenética con numerosas aplicaciones. Por ejemplo, se 
emplea como herramienta para detectar anomalías genéticas o identificar qué factores 
contribuyen a desarrollar distintos tipos de cáncer (Bishop, 2010). Entre sus 
limitaciones, se puede indicar que permite detectar únicamente grupos bacterianos 
conocidos para los que se dispone de sonda, el prolongado tiempo de ejecución, 
considerable coste económico, además de que es una técnica sujeta a la accesibilidad de 
la sonda y al número de ribosomas por célula (Zoetendal y col., 2004; Ladirat, 2014). 
En cuanto a la PCR cuantitativa en tiempo real, es una de las técnicas más 
extendidas para cuantificar los microorganismos de la MI. Se basa en la detección y 
cuantificación del producto amplificado en cada uno de los ciclos de amplificación de la 
reacción en cadena de la polimerasa. Para poder determinar el número inicial de copias 
de ADN de la muestra analizada, es necesario construir una curva de calibración 
mediante la utilización de unos estándares con un número de copias de ADN conocidas. 
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Actualmente, los dos sistemas más utilizados para la cuantificación del ADN son el 
sistema SYBR-Green® y el sistema Taqman® (Gullón, 2011).   
Tabla 1.3. Sondas frecuentemente empleadas en FISH 
Nombre de 
la sonda Secuencia (5´-3´) Especificidad 
Tª de 
hibridación 
(ºC) 
Bif164 CATCCGGCATTACCACCC Bifidobacterium genus 50 
Lab158 GGTATTAGCAYCTGTTT CCA                                                                                                                             Lactobacillus-Enterococcus group 50 
Bac303 CCAATGTGGGGGACCTT Bacteroides-Prevotella group 46 
Erec482 GCTTCTTAGTCARGTACCG 
Clostridium coccoides-
Eubacterium rectale 
group (Clostridium 
clusters XIVa+b) 
50 
Chis150 TTATGCGGTATTAATCTYCCTTT Clostridium histolyticum group (clusters I and II) 50 
Prop853 ATTGCGTTAACTCCGGCAC Clostridium cluster IX 50 
Ato291 GGTCGGTCTCTCAACCC Atopobium cluster 50 
Fpra655 CGCCTACCTCTGCACTAC Faecalibacterium prausnitzii group 58 
Rint623 TTCCAATGCAGTACCGGG Roseburia intestinalis 54 
 
 
 
Figura 1.5. Aspecto de una muestra procesada  mediante el protocolo de FISH para 
células totales (DAPI, azul) y Bifidobacterium (Bif164, naranja) 
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1.2. LOS ALIMENTOS FUNCIONALES  
 
1.2.1. Concepto. 
El concepto de alimento funcional fue utilizado por primera vez en 1984 por 
científicos japoneses que estaban estudiando la relación entre nutrición, satisfacción, 
enriquecimiento y regulación de sistemas fisiológicos. En 1991, el Ministerio de Salud 
japonés puso en marcha normas para la aprobación de una categoría de alimentos para 
usos específicos en la salud, denominados FOSHU (Food for Specified Health Uses) 
(Siró y col., 2008). 
Debido al creciente interés en el concepto de los "Alimentos Funcionales" y en las 
"Alegaciones de Salud", la Unión Europea ha creado una Comisión Europea de Acción 
Concertada sobre Bromatología Funcional (Functional Food Science in Europe, 
FUFOSE). El objetivo de esta comisión es desarrollar y establecer un enfoque científico 
sobre las pruebas que se necesitan para respaldar el desarrollo de productos alimenticios 
que puedan tener un efecto beneficioso sobre una función fisiológica del cuerpo y 
mejorar el estado de salud y bienestar de un individuo y/o reducir el riesgo de que 
desarrolle enfermedades. Además, defiende que los alimentos funcionales deben 
presentarse en forma de alimentos normales, y demostrar sus efectos en las cantidades 
que normalmente se consumirían en la dieta. Consideran que puede ser un alimento 
natural o modificado (por alteración, adición o eliminación de uno o varios de sus 
componentes) o una combinación de ambos. Además, puede ser funcional para la 
población en general, o para grupos particulares de la población, definidos por sus 
características genéticas, sexo, edad u otros factores. 
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En los últimos años la demanda de alimentos funcionales en Europa ha crecido 
continuamente, llegando a suponer, su comercialización, el 1% del mercado total de 
alimentos y bebidas. Alemania, Francia, Reino Unido y Holanda son los países que más 
alimentos funcionales consumen y en los que se ha introducido un mayor número de 
nuevos productos (Siró y col., 2008). 
En el contexto de los alimentos funcionales, los probióticos, prebióticos y 
simbióticos, dirigidos a mejorar la salud intestinal, son los más representativos en el 
mercado europeo (Saarela y col., 2002).  
 
1.2.2. Probióticos. 
Desde el punto de vista etimológico, el término probiótico procede de la unión 
entre la preposición latina “pro” (a favor de) y el adjetivo griego “biótico”, derivado del 
sustantivo “bios” (vida). Su significado ha ido cambiando con el paso del tiempo. El 
premio Nobel ruso, Elie Metchnikoff, fue el primero en proponer en 1907 que las 
bacterias ingeridas en el yogur y otros alimentos fermentados podrían afectar 
beneficiosamente a la MI. En 1965, Lilly y Stillwell se referían a los probióticos como 
microorganismos que promovían el crecimiento de otros organismos, mientras que, en 
1971, Sperti aplicó el término a “extractos de tejidos que estimulaban el crecimiento 
microbiano”. Parker (1974) fue el primero en utilizar el término probiótico en el sentido 
que se hace actualmente; definiendo los probióticos como “organismos y sustancias que 
contribuyen al equilibrio microbiano intestinal”. En 1989, el microbiólogo británico 
Roy Fuller redefinió el concepto de probióticos como “aquellos suplementos 
alimenticios integrados por microrganismos vivos que afectan beneficiosamente al 
hospedador que los consume mediante la mejora de su equilibrio microbiano intestinal”. 
En la actualidad, la definición más aceptada es la propuesta por la OMS, que considera 
los probióticos como “organismos vivos que, administrados en cantidades adecuadas, 
ejercen un efecto beneficioso sobre la salud del hospedador”. 
 
1.2.2.1. Criterios que deben cumplir los probióticos. 
Dentro de las características deseables que deben cumplir los probióticos están las 
siguientes (Granato y col., 2010; Suárez, 2013):  
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o Resistir las condiciones ambientales del TGI (el pH gástrico, las enzimas 
digestivas y la acción detergente e inhibidora de las sales biliares). 
o Ser capaces de adherirse al epitelio del intestino humano. 
o Generar sustancias antimicrobianas, como las bacteriocinas. 
o Poseer buenas características de crecimiento y efectos beneficiosos sobre la 
salud humana.  
o Ser seguros y no patógenos y, por ello, haber sido reconocidos como organismos 
GRAS (Generally Recognized as Safe) y QPS (Qualified Presumption of Safety) 
por la Food and Drug Administration de los EEUU y la European Food Safety 
Authority, respectivamente.  
o No presentar resistencias transmisibles a antibióticos. 
o Resultar viables durante el procesamiento y el almacenamiento.  
o Y, sobre todo, que existan ensayos clínicos que certifiquen que las expectativas 
derivadas de sus buenas propiedades in vitro, se cumplen tras su administración 
a voluntarios humanos. 
La producción a nivel industrial de microorganismos que reúnan todas las 
características anteriormente mencionadas, de modo que sea admitida su viabilidad y 
funcionalidad en el producto final a lo largo del período de almacenamiento, constituye 
un desafío en términos tecnológicos (Mattila-Sandholm y col., 2002). Por otro lado, la 
dosis diaria recomendada de microorganismos probióticos se encuentra entre 108-109 
células viables (Gomes y Malcata, 1999), lo que coincide con las regulaciones al 
respecto en Italia o Canadá, que han admitido el uso de la palabra probiótico para 
complementos alimenticios y alimentos que incluyan un número mínimo de células 
viables administradas por día de 109 (Hill y col., 2014). En los últimos años, se ha 
asistido a una diversificación de los alimentos conteniendo probióticos, que 
tradicionalmente eran los yogures y otras leches fermentadas, pero que actualmente 
incluyen bebidas, chocolate, queso, productos a base de cereales y/o productos cárnicos 
(Saarela y col., 2000).  
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1.2.2.2. Microorganismos utilizados comúnmente como probióticos. 
El papel de la flora intestinal en la salud ha despertado el interés por el uso de 
probióticos como modalidad terapéutica. En particular, cualquier componente de la 
microbiota de ocupación podría ser candidato a convertirse en probiótico, ya que todos 
ellos participan potencialmente en los beneficios que otorga el conjunto. La Tabla 1.4 
recoge las principales especies empleadas como probióticos en humanos (Collins y col., 
1998; Granato y col., 2010). 
Tabla 1.4. Principales especies microbianas utilizadas como probióticos 
Lactobacillus 
L. acidophilus  L. lactis 
L. amylovorus  L. paracasei 
L. casei  L. plantarum 
L. crispatus  L. reuteri 
L. fermentum  L. rhamnosus 
L. gallinarum  L. salivarius 
L. delbruekii spp. bulgaricus L. thermophilus 
L. gasseri  L. johnsonii 
Bifidobacterium 
B. adolescentis B. infantis 
B. animalis B. lactis 
B. bifidum B. longum 
B. breve  
Streptococcus 
S. lactis  
S. salivaris  
S. thermophilus  
Otras Bacterias lácticas 
Enterococcus faecium 
 
Leuconostoc mesenteroides 
 
Bacterias no ácido-lácticas 
Bacillus cereus var. toyoi 
 
Propionibacterium fredenreichii 
 
Levaduras 
Saccharomyces boulardii 
 
 
En la práctica, los microorganismos más comúnmente estudiados se encuentran 
dentro de los géneros Bifidobacterium y Lactobacillus, ya que se trata probablemente de 
los únicos, dentro de los que colonizan nuestras mucosas, que son inocuos bajo casi 
cualquier circunstancia (Suárez, 2013). No obstante, también se han empleado con este 
fin bacterias de otros géneros como Streptococcus y Bacillus, y levaduras del género 
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Saccharomyces. Otros prometedores candidatos a probióticos serían determinadas 
especies pertenecientes a los géneros Bacteroides, Enterococcus, Escherichia, 
Faecalibacterium y Propionibacterium (Preidis y col., 2009). 
 
1.2.2.3.Efectos de la ingesta de probióticos. 
La OMS recomendó una reducción inmediata y drástica del uso de antibióticos en 
producción animal y en medicina humana (FAO, 1994). Asimismo, recomendó una 
segunda táctica o terapia de interferencia microbiana, basada en el uso de 
microorganismos no patógenos para eliminar a los que sí lo son. Es aquí donde los 
probióticos juegan un papel importante. La Figura 1.6 muestra los beneficios 
fisiológicos de los alimentos funcionales que contienen probióticos (Mayo y col., 2008).
 
Figura 1.6. Efectos beneficiosos de los probióticos  
 
Entre los beneficios asociados al consumo de organismos probióticos cabe 
destacar aquellos para los que hay una mayor evidencia, y que se clasifican en tres 
grupos (Suárez, 2013): 
a) Reversión de sintomatologías de mala digestión. El ejemplo típico es la resolución 
de la intolerancia a la lactosa. Los lactobacilos la degradan e impiden así que llegue 
sin digerir al intestino grueso y ocasione flatulencia, distensión abdominal y 
diarrea, entre otros síntomas. 
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b) Reposición de la MI después de que la residente haya sido eliminada por cualquier 
causa. Los casos mejor estudiados son la reversión de las diarreas causada por 
tratamiento con antibióticos o por rotavirus. En este apartado también se englobaría 
la prevención de la vaginitis mediante la administración de lactobacilos probióticos 
tras un tratamiento específico con antibióticos. 
c) Prevención de la mastitis durante la lactancia. Recientemente, se ha demostrado que 
los lactobacilos administrados por vía oral pueden colonizar los conductos 
galactóforos e impedir así el asentamiento de bacterias indeseables. 
La bibliografía también recoge otras afecciones en las que la ingesta de 
probióticos es beneficiosa, como son la enterocolitis necrotizante, la enfermedad 
inflamatoria intestinal o la colitis pseudomembranosa (Suárez, 2013). 
Entre los posibles mecanismos de acción implicados en dichos tratamientos se 
encuentran la producción de sustancias inhibidoras, que incluyen ácidos orgánicos como 
el lactato y los AGCC y el bloqueo de los nichos de adhesión de los patógenos en la 
superficie de las células epiteliales mediante un mecanismo de inhibición competitiva 
(Fujiwara y col., 1997). 
Algunos mecanismos de acción se podrían generalizar para los géneros 
probióticos estudiados comúnmente; otros se observan con frecuencia entre la mayoría 
de las cepas de una misma especie de probióticos; mientras que existen otros más 
peculiares que sólo se presentan en ciertas cepas de una determinada especie. Entre los 
efectos más propensos a encontrarse en cepas específicas se hallan los inmunes o los 
neurológicos. Reivindicaciones de tales beneficios sólo se pueden hacer para cepas o 
especies en las que hayan sido demostrados y teniendo en cuenta que todos los 
probióticos deben ser seguros para su uso previsto (Hill y col., 2014). En este sentido, 
un grupo de miembros de la Sociedad Española de Probióticos y Prebióticos (SEPyP) 
consensuó, recientemente, un documento en el que se recogen algunas evidencias y 
recomendaciones en relación con los efectos de los probióticos y su estudio que se 
detallan a continuación: 
o Las sustancias “constituyentes de” o “producidas por” microorganismos no 
deben considerarse probióticos aun cuando tengan efectos biológicos saludables. 
o Los efectos beneficiosos para la salud deben demostrarse mediante estudios 
realizados en población humana con metodología científica adecuada. 
  Introducción 
 
21 
 
o Los estudios en laboratorio o en modelos animales son un requisito 
imprescindible antes de realizarlos en población humana. 
o Los efectos saludables demostrados para una cepa microbiana específica no son 
extrapolables o atribuibles a otras cepas de la misma especie. 
o Una cepa microbiana con categoría de probiótico por haber demostrado eficacia 
en una indicación concreta (por ejemplo, prevención de diarrea) no es 
necesariamente válida para otras indicaciones (por ejemplo, prevención de 
alergias). 
o Existen cepas probióticas con eficacia demostrada tanto para indicaciones 
concretas sobre el sistema inmune como para salud GI. 
o Las evidencias científicas observadas sobre un tipo de población no son 
extrapolables a otra población que varía en edad o en estado fisiológico (por 
ejemplo, gestación y lactancia). 
 
1.2.3. Prebióticos. 
Como ya se ha comentado, hoy en día el uso de alimentos de calidad, que mejoren 
la salud y/o que reduzcan el riesgo de padecer enfermedades, se ha hecho popular entre 
los consumidores, que cada vez son más conscientes de la importancia de la 
alimentación en la promoción de la salud. En este campo, se ha prestado especial 
atención a los prebióticos, cuyo uso como ingredientes alimenticios ha aumentado 
considerablemente. 
El término prebiótico fue introducido por primera vez por Gibson y Roberfroid 
(1995) y se define como "un ingrediente alimentario no digerible que afecta 
beneficiosamente al huésped mediante la estimulación selectiva del crecimiento y/ o la 
actividad de una o de un número limitado de bacterias en el colon, mejorando así la 
salud del huésped”. En una revisión posterior Roberfroid y col. (2010) incidieron en la 
idea original, no aportando variaciones significativas. Tampoco la definición presentada  
por la ISAPP (International Scientific Association for Probiotics and Prebiotics) altera 
el planteamiento inicial: “un prebiótico es un ingrediente fermentado selectivamente que 
produce cambios específicos en la composición y/ o actividad de la microbiota GI, lo 
que confiere beneficio (s) sobre la salud del huésped”.   
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Entre los más conocidos, para los cuales existe evidencia científica de sus 
propiedades en humanos, se encuentran los oligo o polisacáridos de fructosa (FOS e 
inulina, respectivamente) o de galactosa (GalOS), así como la lactulosa y los 
oligosacáridos de leche humana (Corzo y col., 2015). 
 
1.2.3.1.Criterios que deben cumplir los prebióticos. 
Para que un ingrediente o alimento pueda considerarse como prebiótico debe 
cumplir una serie de requisitos tales como (Corzo y col., 2015): 
o No puede ser hidrolizado ni absorbido en el TGI superior y, por tanto, debe ser 
resistente a la acidez gástrica y a la hidrólisis por enzimas digestivas. 
o Debe favorecer el desarrollo de bacterias beneficiosas como bifidobacterias y 
lactobacilos, de modo que la proliferación subsiguiente de la microbiota 
indígena potencie el antagonismo frente a microorganismos foráneos y 
contribuya a la recolonización tras, por ejemplo, un tratamiento con antibióticos. 
o Debe inducir efectos fisiológicos beneficiosos para la salud del hospedador. 
En términos tecnológicos, la utilización de prebióticos como ingredientes 
alimentarios presenta algunas ventajas con respecto a la utilización de microorganismos 
probióticos. No siendo ingredientes vivos, los prebióticos no van a presentar problemas 
de mantenimiento de viabilidad en el producto final, lo que hace posible su introducción 
en una gama de alimentos más amplia que en el caso de los probióticos (Manning y 
Gibson, 2004). De hecho, el mercado de los prebióticos ha ido creciendo de tal forma 
que en 2007 se contabilizaron unos 400 productos alimenticios prebióticos 
(Mohammadi y Mortazavian, 2011). 
Entre los  alimentos que pueden contener prebióticos están las galletas, yogures, 
bebidas, barritas de cereales y productos de bollería. También se pueden encontrar 
formando parte de alimentos simbióticos. 
 
1.2.3.2. Oligosacáridos no digeribles como prebióticos (OND). 
La IUB-IUPAC (International Union of Biochemistry-International Union of 
Pure and Applied Chemistry) define los oligosacáridos (OS) como hidratos de carbono 
de entre 3 y 10 unidades, pero otros autores los consideran carbohidratos con un grado 
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de polimerización (GP) de 2 a 20 unidades (Voragen, 1998; Manning y Gibson, 2004). 
Los OS se pueden clasificar desde un punto de vista fisiológico en digeribles y no 
digeribles (OND) (Cummings y col., 1997).  
Los OND se encuentran entre los candidatos más importantes para ser utilizados 
como ingredientes alimentarios prebióticos. Son solubles en agua y medianamente 
dulces, aunque esta propiedad decrece con la longitud de la cadena (Roberfroid y 
Slavin, 2000). Debido a su estructura química, estos compuestos muestran resistencia a 
las reacciones enzimáticas que ocurren en la parte superior del TGI permitiendo que 
lleguen hasta el colon y se conviertan así en nutrientes para algunas especies bacterianas 
endógenas, las cuales son capaces de transformarlos en AGCC, lactato, otros productos 
metabólicos y gases derivados de la fermentación. Aparecen como componentes 
naturales en muchos alimentos comunes como la fruta, legumbres, leche y miel. Sin 
embargo, estos alimentos no siempre se ingieren en cantidades suficientes para que los 
OS que se encuentran en ellos puedan ejercer efectos prebióticos. Por lo tanto, a veces, 
es necesaria la fortificación de alimentos, frecuentes en nuestra dieta, con este tipo de 
compuestos (Cardelle, 2009). 
Entre los principales OND actualmente empleados como ingredientes alimenticios 
se incluyen aquellos en los que la unidad de monosacárido es fructosa, galactosa, xilosa, 
glucosa y/o manosa (Gibson, 1998; Otileno y Ahring, 2012). Dado que el interés en los 
OND ha aumentado, también lo ha hecho su oferta en el mercado. El hecho de que los 
polisacáridos pueden ser hidrolizados a una amplia gama de OS, hace que el número de 
OND disponibles para ser comercializados en un futuro cercano sea muy grande. 
 
1.2.3.3. Efectos fisiológicos de los OND. 
La fermentación bacteriana de los OS prebióticos en el colon, puede causar, entre 
otros, los siguientes efectos beneficiosos para la salud:  
o Alivio del estreñimiento, aumentando el número de deposiciones y, 
posiblemente, favoreciendo la motilidad intestinal (Dass y col., 2007; Mussato y 
Mancilha, 2007). 
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o Inhibición de la diarrea, especialmente cuando está asociada con infecciones 
intestinales. Esto puede estar directamente relacionado con el posible efecto 
inhibitorio de las bifidobacterias sobre las bacterias gram-positivas y gram-
negativas (Wang y Gibson, 1993). 
o Reducción del riesgo de osteoporosis, si ciertamente mejoran la 
biodisponibilidad de Ca+2, y si este efecto funcional es seguido por un cambio 
fisiológico en la densidad y masa ósea (Roberfroid y Slavin, 2000). Además del 
calcio, también se ha demostrado su efecto positivo sobre la absorción de otros 
minerales como el magnesio, hierro y zinc (Scholz-Ahrens y col., 2001; 
Cashman, 2002). 
o Reducción del riesgo de aterosclerosis (enfermedad cardiovascular asociada con 
dislipidemia, especialmente hipertrigliceridemia e insulina resistente), que está 
relacionada con un régimen de alimentación de hidratos de carbono 
hipercalórica (Aarsland y col., 1996). 
o Disminución del nivel de lípidos y del colesterol en sangre, reduciendo así el 
riesgo de diabetes y obesidad (Mussato y Mancilha, 2007; Cani y Delzenne, 
2009; Maurer y col., 2009). 
o Prevención de la adhesión de patógenos a la membrana epitelial del intestino. 
Algunos OS se unen a receptores de las bacterias patógenas y evitan así que se 
adhieran al mismo azúcar en la membrana epitelial del intestino (Ouwehand y 
col., 2005; Shoaf-Sweeney y Hutkins, 2009). 
 
Asimismo, la absorción de AGCC, producidos durante la fermentación de los 
OND, influye en el metabolismo del hospedador. El acetato y el propionato intervienen 
en el metabolismo de carbohidratos y lípidos. El propionato reduce la gluconeogénesis 
hepática e inhibe la formación de urea en el hígado (Swennen y col., 2006); mientras 
que el acetato es un ácido que disminuye eficazmente el pH, eliminando bacterias 
patógenas antes de que estas produzcan metabolitos que pueden ser pre-carcinogénicos 
(Brandt, 2001). Por su parte, el butirato es una importante fuente de energía, así como 
un regulador del crecimiento y de la diferenciación de las células de la mucosa intestinal 
y puede tener potencial anticancerígeno y antiinflamatorio, además de desempeñar un 
papel en la saciedad y el estrés oxidativo (Brandt, 2001; Hamer y col., 2008; Roberfroid 
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y col., 2010). La Figura 1.7 sintetiza los beneficios fisiológicos de los OND prebióticos 
ya expuestos anteriormente. 
 
Figura 1.7. Beneficios de los OND prebióticos 
A los OND también se le atribuyen efectos perjudiciales, principalmente 
relacionados con su ingesta excesiva, como son la producción de molestias intestinales. 
De esta manera, la ingesta de más de 20 g/día de GalOS podría provocar diarrea (Sako y 
col., 1999; Swennen y col., 2006). También, la producción de gases como hidrógeno, 
anhídrido carbónico y metano pueden llegar a producir flatulencia e hinchazón. 
 
1.2.3.4. OND comerciales. 
Como se ha descrito anteriormente, los OND se encuentran en diferentes 
alimentos de forma natural. Sin embargo, también se pueden obtener en el laboratorio 
mediante distintos procedimientos químicos y/o biotecnológicos. Existen básicamente 
dos tipos de preparaciones comerciales de OND: los que se extraen de fuentes naturales 
donde los polisacáridos (almidón, inulina, xilano, etc.) son sometidos a procesos 
controlados de hidrólisis, y los que se sintetizan a partir de azúcares simples (como la 
sacarosa o la lactosa) a través de reacciones de transglicosilación (Crittenden y Playne, 
1996; Siró y col., 2008). Estos procesos permiten obtener una amplia gama de OS que 
difieren en su GP y, a veces, en la posición de los enlaces glicosídicos. Sin embargo, 
durante la formación de los OS, también se generan en el medio monosacáridos y otros 
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productos indeseables. Tales impurezas, son a menudo eliminadas mediante procesos de 
membranas con el fin de conseguir productos finales de mayor calidad que contengan 
OS más puros. 
La Tabla 1.5 recoge los OND comerciales prebióticos más importantes, así como 
su fabricante (Martínez, 2012; Corzo y col., 2015). Algunos de los OND se encuentran 
bien establecidos como prebióticos a nivel mundial (FOS, GalOS o lactulosa) y otros se 
consideran prebióticos emergentes, encontrándose incluso disponibles comercialmente a 
pesar de no haber suficientes evidencias científicas (xilooligosacáridos (XOS), 
glucooligosacáridos (GlcOS), lactosacarosa, oligosacáridos de soja o 
isomaltooligosacáridos). Por último, también están los que se encuentran en fase inicial 
de estudio, en los cuales se buscan propiedades funcionales mejoradas; entre éstos cabe 
citar a los pectooligosacáridos (POS) (Corzo y col. 2015).  
Tabla 1.5. Productos prebióticos comerciales y empresas elaboradoras  
OND Nombre comercial Fabricante 
Inulina Raftiline Orafti 
Oligofructosa Raftilose Orafti 
Fructooligosacáridos Actilight Beghin Meiji 
Galactooligosacáridos Oligomate Yakult 
Isomaltooligosacáridos Isomalto Showa Sangyo 
Oligosacáridos de soja Soya-Oligo The Calpis Food Industry Co. 
Xilooligosacáridos - Suntory 
Gentiooligosacáridos Gentose Nihon Shokuhin Kako 
Lactulosa Duphalac Solvay Pharmaceuticals B.V. 
Lactosacarosa Nyuka-Origo Ensuiko Sugar Refining Co. 
Ciclodextrinas Dexy Pearl Ensuiko Sugar Refining Co. 
Mananooligosacáridos - Chengdu Yongan Pharmaceutical Co. 
 
Es requisito previo indispensable para comercializar los OND que su eficacia y 
seguridad estén científicamente demostradas. Sin embargo, no se ha demostrado todavía 
que todos tengan capacidad prebiótica, debido, en parte, a que pueden ser parcial o 
totalmente digeridos por las enzimas del intestino delgado humano, por su incapacidad 
para promover la fermentación selectiva en el colon o por la falta de estudios 
concluyentes (Martínez, 2012). Ya que vivimos en un mundo en constante cambio, con 
grandes variaciones en los hábitos alimenticios y, por tanto, en el sistema de defensa de 
las personas, el estudio de las bacterias asociadas a los humanos para protegerlos de 
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reacciones adversas y para seleccionar los prebióticos más eficaces, es un gran reto de la 
investigación futura (Wang, 2009).  
 
1.2.3.5. Desarrollo y evaluación del efecto prebiótico. 
De acuerdo con el documento de consenso firmado por un grupo de 
investigadores miembros de la SEPyP, el desarrollo de un nuevo prebitótico ha de pasar 
por distintas fases que demuestren su capacidad como tal, indicándose las siguientes 
(Corzo y col., 2015): 
o Caracterización previa (origen, pureza, composición química y estructura). 
o Resistencia a la digestión. Se han desarrollado modelos para comprobar la 
capacidad de los candidatos a prebióticos a la digestión y absorción en el TGI 
superior, simulando condiciones que mimeticen las condiciones fisiológicas 
humanas de acidez (pH< 2), alto contenido en enzimas gástricas y temperatura 
(37 ºC). 
o Fermentación. Se ha de estudiar la capacidad del prebiótico para modular la 
composición de la MI y/ o para generar compuestos que resulten beneficiosos 
para la salud, como los AGCC. Como se esquematiza en la Figura 1.8 (Corzo y 
col., 2015), se pueden emplear distintos modelos de fermentación. Los modelos 
in vitro comprenden desde sistemas de procesamiento simple (condición única) a 
sistemas de cultivo en continuo de varias etapas y con control de pH, capaces de 
simular diferentes regiones del intestino grueso, utilizando o bien cultivos puros, 
una mezcla definida de cultivos o inóculo fecal. Entre las principales 
limitaciones de esta técnica cabe citar el crecimiento de población microbiana no 
representativa y la dificultad para reproducir las condiciones dinámicas del 
colón, como por ejemplo la absorción de compuestos, las secreciones del tracto 
digestivo o las interacciones con células del entorno del huésped. Por otro lado, 
los ensayos in vitro presentan las ventajas de ser relativamente económicos, 
rápidos y de fácil realización. Además, permiten el seguimiento de la generación 
de gases y de la producción de AGCC (con la consecuente bajada de pH), 
proporcionando una primera información del impacto del sustrato evaluado en la 
composición de la MI. 
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Los efectos detectados bajo condiciones in vitro deben ser posteriormente 
estudiados y confirmados con modelos in vivo. Los experimentos llevados a 
cabo con animales son de gran valor para investigar las consecuencias que una 
dieta controlada o un sustrato específico tienen sobre la MI y, por tanto, en el 
bienestar del hospedador. La principal desventaja en este caso es que la 
fisiología digestiva de los animales difiere de la de los humanos. Por ello, 
estudios con voluntarios humanos, pacientes o víctimas de muerte súbita, son la 
mejor manera de analizar un producto al que se le atribuye potencial prebiótico y 
comprobar su impacto en la microflora intestinal y su relación con la salud. No 
obstante, también en este último caso existen limitaciones de carácter ético y 
desventajas, como son el coste o el tiempo necesario para cada investigación 
(Macfarlane y Macfarlane, 2007; Blatchford y col., 2013).  
Los datos experimentales obtenidos in vitro e in vivo en animales, así como los 
últimos datos obtenidos en seres humanos, confirman el papel de los OND de la 
dieta en los procesos fisiológicos de los diferentes tipos de células intestinales 
(producción de mucinas, división celular, función de las células inmunes, 
transporte iónico) y también en células de fuera del TGI (producción de 
hormonas, metabolismo de lípidos y carbohidratos) (Gullón, 2011). 
 
Figura 1.8. Etapas en el desarrollo de un prebiótico 
Sustrato con potencial prebiótico
Sustrato prebiótico
Comercialización
Escrutinio: modelos in vitro
• Fermentación por cepa única (probióticos)
• Fermentación por homogeneizados fecales (microbiota)
 Cultivo discontinuo (pH no controlado)
 Cultivo continuo (pH controlado)
 Simple (condición única)
 Múltiple (gut model)
Validación: modelos in vivo
Demostración: 
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1.2.4. Simbióticos. 
Son el resultado de la asociación de ingredientes prebióticos y microorganismos 
probióticos, y se definen como “mezcla de prebióticos y probióticos que afectan 
beneficiosamente al hospedador al mejorar la supervivencia y la implantación de 
microorganismos vivos en el TGI, estimular selectivamente el crecimiento y/o activar el 
metabolismo de una o un número limitado de bacterias que promueven la salud, 
mejorando así la salud del hospedador” (Gibson y Roberfroid, 1995; Ziemer y Gibson, 
1998). A continuación se citan algunos ejemplos comerciales: 
o Nutribén Simbiotic. Leche de continuación en polvo (galactooligosacáridos, 
Bifidibacterium longum y Streptococcus thermophilus). 
o Symbioram, complemento nutricional simbiótico de Laboratorios Ordesa 
(Fructooligosacáridos, Lactobacillus rhamnosus y Lactobacillus helveticus). 
o Cume-Flora Plus (Maltodextrina, inulina, Lactobacillus acidophilus, 
Lactobacillus casei, Lactobacillus rhamnosus, Bifidobacterium bifidum y 
Bifidobacterium breve). 
 
El desarrollo de alimentos funcionales constituye una oportunidad real de 
contribuir a la mejora de la calidad de la dieta y a la salud y bienestar del consumidor 
(Arvanitoyannis y Houwelingen-Koualiaroglou, 2005). 
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1.3.  LA PECTINA Y LOS PECTOOLIGOSACÁRIDOS  
 
En la actualidad, existe un interés creciente en la producción, evaluación y 
comercialización de nuevos prebióticos con propiedades mejoradas. En este contexto, 
cabe destacar a los pectooligosacáridos  (POS), que se obtienen mediante hidrólisis 
parcial (química o enzimática) de la pectina (Combo y col., 2011). Los POS están 
considerados como prometedores candidatos a ingredientes alimentarios con alto 
potencial prebiótico, aunque se encuentran todavía en fase de desarrollo. 
 
1.3.1. La Pectina: estructura, origen, obtención industrial y aplicaciones. 
La pectina es un heteropolisacárido complejo que puede llegar a constituir un 
tercio del peso seco de la pared celular de las dicotiledóneas y de algunas plantas 
monocotiledóneas, contribuyendo a procesos fisiológicos como el crecimiento y la 
adhesión celular, que, a su vez, determinan la rigidez e integridad de la planta (Voragen 
y col., 2009).  
Este heteropolímero está constituido, principalmente, por un esqueleto de 
unidades de ácido galacturónico (AGal) unidos por enlaces α-(1,4) que pueden estar 
acetilados en el O-2 y/o O-3 así como metilados en el C-6 de forma aleatoria. Esta 
fracción es la que se conoce como “región lisa” y está ocasionalmente interrumpida por 
la llamada “región peluda”, en la cual aparecen cadenas laterales formadas por una gran 
variedad de azúcares neutros (Voragen y col., 1995; Thibault y Ralet, 2003). Los 
elementos estructurales mayoritarios de la pectina son cuatro: 
 
Introducción  
 
32 
 
a) Homogalacturonano (HG). Es un polímero lineal compuesto por una cadena de 
longitud estimada de 72-100 unidades de AGal y que representa aproximadamente 
el 60% del total de la pectina (Voragen y col., 2009). No obstante, hay autores que 
han citado que la cadena puede contener hasta 200 unidades (Thibault y col., 1993; 
Zhan y col., 1998). Los grados de acetilación y de metilación (GA y GM, 
respectivamente) varían en relación con el origen y etapa de desarrollo de la planta 
(Ele-Ekouna y col., 2011). 
b) Xilogalacturonano (XG). Es una cadena de HG en la que parte de las unidades de 
AGal están sustituidas en el C-3 y/o en el C-2, por residuos de D-xilosa unidos 
mediante enlaces β-(1,3). La xilosa se encuentra como una sola unidad pero, en 
algunas ocasiones, se ha identificado el disacárido. Aparece fundamentalmente en 
semillas de guisantes, pectina de manzana, sandía o zanahoria (Schols y col., 1995; 
Yu y Mort, 1996; Renard y col., 1997; Le Goff y col., 2001). El porcentaje de AGal 
sustituidos puede variar entre un 25-75% (Schols y col., 1995). En el XG, el AGal 
también puede estar metilado (Coenen y col., 2007; Nunes y col., 2012). 
c) Ramnogalacturonano I (RG-I). Representa entre el 7-14% de la pectina (Jackson y 
col., 2007) y contiene unidades alternas de α-(1,4)-galacturonosil y α-(1,2)-
ramnosil. En muchos casos, los residuos de ramnosa presentan como sustituyentes 
en la posición O-4, cadenas laterales de azúcares neutros, principalmente arabinano 
y/o arabinogalactano I y II (que se describen en los siguientes párrafos), aunque 
también se han encontrado en menores concentraciones, xilosa o glucosa (Duan y 
col., 2003; Ele-Ekouna y col., 2011). La proporción de residuos de ramnosa 
ramificados varía del 20 al 80% dependiendo de la procedencia de la pectina 
(Gullón y col., 2009). Además, en pectinas de remolacha azucarera, un pequeño 
número de los residuos de AGal en RG-I están sustituidos con residuos de ácido 
glucurónico (AGluc) (Renard y col., 1999). 
o El arabinano está formado por una cadena lineal de monómeros de arabinosa que 
puede estar sustituida en las posiciones O-2 y/o O-3 por uno o más residuos de 
arabinosa, que a su vez pueden presentar ramificaciones en el O-2 y/o el O-3. 
Además, como ocurre en pectinas procedentes de espinacas y de remolacha, la 
arabinosa puede tener residuos de ácido ferúlico (AFer) en las posiciones O-2 
y/o O-5. El arabinano puede alcanzar un peso molecular de hasta 10 kDa 
(Westphal y col., 2010). 
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o El arabinogalactano I es una cadena lineal de β-(1,4)-galactosa que está 
sustituida en la posición O-3 por residuos de arabinosa o en la O-6 por residuos 
de galactosa, según la fuente de procedencia (Hinz y col., 2005). 
o Y el arabinogalactano II está constituido por una cadena de β-(1,3)-D-galactosa, 
sustituida por unidades de galactosa unidas mediante enlaces β-(1,6) con una 
longitud de entre 1 y 3 monómeros. La cadena principal de β-(1,3)-D-galactosa, 
así como las ramificaciones, pueden contener arabinosa e incluso ramnosa o 
AGluc (Westphal, 2010). Algunos autores también han encontrado proteínas 
unidas a estas cadenas (Hinz y col., 2005). 
d) Ramnogalacturonano II (RG-II). Se caracteriza por ser una región dentro de la 
cadena del HG con una longitud de entre 7 y 9 unidades de AGal, que presenta 
ramificaciones complejas en las que participan hasta 12 tipos de monosacáridos, 
incluyendo algunos raros como apiosa o fucosa, además de ácido acérico (AAcer) o 
ácido 3-deoxi-D-lixo-2-heptulosónico (DHA). Tiene una estructura altamente 
conservada entre especies de plantas (Voragen y col., 2009). 
La Figura 1.9 refleja los distintos fragmentos que conforman la pectina.  
 
Figura 1.9. Elementos estructurales típicos de la pectina 
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Las conexiones e interacciones entre las distintas partes estructurales de la red 
péctica son complejas. Se cree que el RG-I y el RG-II están unidos covalentemente al 
HG, y posiblemente entre ellos existan enlaces glucosídicos (Willats y col., 2001). 
La idoneidad de la pectina para cualquier aplicación se rige por sus características 
estructurales, tales como masa molar, contenido en azúcares neutros, las proporciones 
de las regiones “lisa” y “peluda” o el GM y GA (Sila y col., 2009), que pueden variar 
mucho de una materia prima a otra.  
En la actualidad, la pulpa de cítricos y el bagazo de manzana son las principales 
fuentes de pectina, pero también se encuentra de forma abundante en otros subproductos 
agroindustriales, como la pulpa de remolacha. Estos subproductos se obtienen durante 
los procesos de obtención de zumos, sidra y azúcar, respectivamente, y su producción 
mundial es muy elevada. Actualmente, España es el cuarto país productor de naranjas, 
con una producción anual en 2010 de 2.818.888 de toneladas, (siendo un 20.2% de la 
misma destinada a transformación, donde destaca el sector industrial de producción de 
zumos) y una producción de limón de 736.198 toneladas (Anuario de Estadística, AE, 
2012). Por otro lado, la producción de manzano en España en el mismo año fue de 
670.284 toneladas, representando específicamente el manzano para sidra un 16.1% del 
total (AE, 2012) y el subproducto resultante de la fabricación de zumo de manzana o 
sidra entre el 25 y el 35% de la fruta fresca que entra en la sidrería (Kennedy y col., 
1999). En cuanto a la remolacha azucarera, cabe destacar que su producción en España 
ha bajado considerablemente en los últimos años (pasando de 7.9 millones de toneladas 
en el año 2000 a 4.2 millones en el 2011), y que como resultado de su industrialización 
se han obtenido 187.572 toneladas de bagazo o pulpa seca en el año 2011 (AE, 2012). 
Todos estos subproductos agroindustriales se caracterizan por tener un elevado 
contenido en humedad, así como en carbohidratos solubles e insolubles. La bibliografía 
muestra que existen variaciones importantes en su composición, las cuales se asocian a 
las distintas variedades empleadas, la localización del cultivo, al estado de madurez, a la 
época de recolección o incluso, a las metodologías de análisis empleadas. 
Las Tablas 1.6 y 1.7 muestran los datos recogidos en la bibliografía para la 
composición de la pulpa de naranja (Grohmann y col., 1995; Widmer y col., 2010; 
Oberoi y col., 2010; Martínez y col., 2010) y de limón (Marín y col., 2007; Seggiani y 
col., 2009; Boluda-Aguilar y col., 2013), respectivamente. Mientras que, la composición 
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del bagazo de manzana se detalla en la Tabla 1.8 (Gullón y col., 2008; Gullón, 2011), y 
la de la pulpa de remolacha en la Tabla 1.9 (Martínez y col., 2009; Martínez, 2012). 
Con respecto a las composiciones de los citados subproductos cabe citar que la 
fracción soluble tiene un importante contenido en azúcares (pudiendo llegar a 
representar más de un 50% en peso de pulpa seca para el caso de ciertos cítricos), 
mientras que la fracción insoluble está constituida principalmente por pectinas, 
hemicelulosas y celulosa (ver Tablas 1.6-1.9).  
 
Tabla 1.6. Composición de la pulpa de naranja 
Componente Intervalo (% en base seca) 
Sacarosa 2.9-5.5 
Glucosa 20.8-29.0 
Fructosa  10.8-18.4 
Galactosa+ Ramnosa 2.9-4.8 
Arabinosa 3.4-6.9 
Xilosa 1.8-2.6 
AGal 12.3-16.9 
Pectina 18.9 
Lignina 0.6-8.7 
Proteína 5.5-6.9 
Cenizas 2.8-3.5 
 
Tabla 1.7. Composición de la pulpa de limón 
Componente Intervalo (% en base seca) 
Azúcares 6.5-9 
Pectina 9-26.3 
Hemicelulosas 8.1-22.4 
Celulosa 22.8-36.2 
Lignina 7.5-8.3 
Proteína 7-8.7 
Cenizas 2.5-4.1 
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Tabla 1.8. Composición del bagazo de manzana 
Componente Intervalo (% en base seca) 
Sacarosa 2.2-5.3 
Glucosa 6.1-34.8 
Fructosa 13.6-27.9 
Arabinosa+ Ramnosa 7.9 
Xilosa+ Manosa+ Galactosa 11.4 
Pectina 3.2-25 
Hemicelulosas 5-6.2 
Celulosa 12-23.2 
Lignina 6.4-19.1 
Proteína 1.9-8 
Cenizas 1-6.2 
 
Tabla 1.9. Composición de la pulpa de remolacha 
Componente Intervalo (% en base seca) 
Ramnosa 1-2.4 
Fucosa 0.2 
Arabinosa 17.5-22.5 
Xilosa 1-1.9 
Manosa 1-1.4 
Galactosa 4-5.4 
Glucosa 19.5-25 
AGal 18-22.5 
Ác. acético 2.6-3.9 
AFer 0.8 
Lignina 1-9 
Proteína 7-11.3 
Cenizas 3.6-8 
 
Son muchas las diferencias estructurales y de composición encontradas en las 
pectinas procedentes de los distintos subproductos agroindustriales. En cuanto a la 
pectina cítrica, Renard y col. (1995) y Zykwinska y col. (2008) destacaron que es de 
alto metoxilo (60-66%) y está compuesta por AGal (70.8-75.6%), ramnosa (1-2.6%), 
arabinosa (5.2-7.1%), galactosa (3.4-9.4%), fucosa (0.2-0.4%), xilosa (0.4-0.7%), 
manosa (0.4-1%) y glucosa (0.9-1.2%). Bae y col. (2011) extrajeron pectina a partir de 
naranja mostrando un 66.8% de grado de esterificación, 787.5 mg/g de ácido 
galacturónico y 91.5 mg/g de azúcares neutros, los cuales fueron arabinosa (53%), 
galactosa (34.8%), glucosa (5.5%), ramnosa (4.9%), y fructosa (1.6%).  
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En comparación con otras fuentes vegetales, cabe destacar que la cáscara de limón 
contiene la cantidad más alta de pectina (Seggiani y col., 2009) y que en ella se ha 
detectado la presencia de galacturonanos ricos en xilosa (Aspinall y col., 1968), al igual 
que en la manzana (De Vries y col., 1983).  
Según Srivastava y Malviya (2011) el contenido de pectina en bagazo de manzana 
en base de materia seca es relativamente más bajo que el de pulpa de cítricos (10-15% 
frente 20-30%). Además, la pectina de manzana es rica en cadenas laterales de azúcares 
neutros y muy rica en RG-II, el cual representa un 10% de las sustancias pécticas de 
dicha materia prima (Voragen y col., 2009). Respecto a sus propiedades físicas, las 
pectinas extraídas a partir de manzana son más oscuras que las de cítricos (que son de 
un color crema o marrón claro). 
Por último, las diferencias fisicoquímicas entre la pectina de remolacha azucarera 
y otras pectinas convencionales incluyen una mayor proporción de cadenas laterales 
neutras, un mayor contenido de grupos acetilo en las posiciones O-2 y O-3 dentro de la 
cadena de galacturónico, un mayor contenido de ésteres fenólicos en las cadenas 
laterales y un alto contenido de materiales proteicos unidos a las cadenas laterales 
mediante enlaces covalentes (Funami y col., 2011). Por su parte, Sun y Hughes (1998) 
señalaron también que las pectinas de remolacha difieren de otras pectinas obtenidas a 
partir de manzana o cítricos por su alto contenido en ramnosa, y por la presencia de 
AFer. Además, se ha publicado que la longitud del HG de esta pectina es relativamente 
más corta que la de cítricos y manzana (Buchholt y col., 2004; Holck y col., 2011) y que 
tiene un GM y un GA de 62 y 35, respectivamente (Voragen y col., 1995). 
 
En cuanto a su obtención industrial, la pectina se extrae mayoritariamente a partir 
de los subproductos procedentes de la industria de zumos. El proceso puede dividirse en 
cuatro fases perfectamente delimitadas:  
a) Extracción de la pectina mediante solubilización en medio ácido. 
b) Separación de la fase líquida. 
c) Precipitación de la pectina mediante adición de un alcohol a la disolución 
d) Lavado y acondicionamiento del precipitado. 
Durante el tratamiento de la materia prima con ácido se opera en un rango de pH 
1-3 y a temperaturas entre 70 y 95 ºC (Masmoudi y col., 2012). Generalmente, se utiliza 
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una relación pulpa/disolución ácida de 1/10 y el intervalo de tiempo varía con la  
materia prima, el tipo de pectina deseada e incluso de una factoría a otra (May, 1990). 
La disolución de pectina obtenida mediante extracción se separa del sólido residual por 
filtración. Posteriormente, se precipita con alcohol (isopropanol, metanol o etanol) y la 
masa gelatinosa resultante, se lava, se seca y se muele hasta obtener el tamaño de 
partícula deseado. Es fundamental el control de las distintas variables que participan en 
el proceso de extracción, pues tendrán efectos importantes sobre las características 
finales de las pectinas (Mesbahi y col., 2005; Robert y col., 2006). 
De acuerdo con la normativa europea, las pectinas comerciales destinadas a 
productos alimenticios deben contener más de un 65% de AGal por peso seco de 
muestra (Ovodov, 2009) y, normalmente, se clasifican en función de su GM 
(determinado como el número de moles de metanol por cada 100 moles de AGal), ya 
que éste está considerado como el parámetro más influyente en sus propiedades 
físicoquímicas (Thibault y Ralet, 2003; Sila y col., 2009). Así, se pueden obtener: 
a) Pectinas de alto metoxilo. Presentan más del 50% de las unidades de AGal 
esterificadas con grupos metilo. Se extraen principalmente de la piel de manzana o 
de cítricos en condiciones ácidas y se precipitan con alcohol. 
b) Pectinas de bajo metoxilo. Son aquellas cuyo GM es inferior al 50% y pueden 
dividirse en amidadas y no amidadas. 
 
Además de sus múltiples funciones en los tejidos vegetales, la pectina tiene 
numerosas aplicaciones en otros campos, entre las que cabe mencionar las siguientes: 
o Como ingrediente alimentario de alto valor funcional y/o tecnológico debido a 
sus propiedades como gelificante, estabilizante y/o espesante (Thakur y col., 
1997; Vincken y col., 2003; Ovodov, 2009). Es ampliamente utilizada en 
producción de mermeladas y jaleas, caramelos, preparados de frutas para 
yogures o postres, productos de confitería y rellenos de panadería. Otro uso 
común es para estabilización de bebidas lácteas acidificadas y yogures. Las 
pectinas de los subproductos de la elaboración de azúcar a partir de remolacha 
azucarera tienen una capacidad de gelificación baja debido a su baja masa 
molecular y a un alto GA, por lo que la principal aplicación prevista para este 
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tipo de pectinas en la industria alimentaria es como emulsionante (Funami y col., 
2011). 
o En películas comestibles, sustitutos del papel, espumas y plastificantes (Gullón y 
col., 2009). 
o Como ingrediente de medicamentos para tratar trastornos GI (de hecho, se 
consideran fibras dietéticas), diabetes, presión arterial alta o para reducir los 
niveles de colesterol en sangre (Paulsen y Barsett, 2005; Yamada y Kiyohara, 
2007; Matsumoto y col., 2008). 
o En la preparación de  vacunas (Szu y col., 1994). 
 
1.3.2. Pectooligosacáridos: concepto y aplicaciones. 
Los pectooligosacáridos (POS) están constituidos por fragmentos complejos 
procedentes de la despolimerización parcial de la pectina, con distintos tamaños y 
sustituyentes, como son los oligogalacturónidos (OAGal), arabinooligosacáridos 
(AraOS), GalOS, ramnogalacturónidos, xilogalacturónidos y/o 
arabinogalactooligosacáridos. La principal ventaja de los POS reside en su diversidad 
estructural, que ofrece un amplio espectro de propiedades y aplicaciones. 
Los POS han sido investigados como causantes de potenciales beneficios para la 
salud humana. A continuación, se mencionan distintas aplicaciones que se les atribuyen:  
o Estimulan el crecimiento y/o actividad de bacterias consideradas probióticas 
(como las de los géneros Lactobacillus y Bifidobacterium o Eubacterium) con el 
consecuente aumento en la concentración de AGCC (Manderson y col., 2005; 
Mandalari y col., 2007; Gullón y col., 2011).  
o Actúan como ingrediente activo anti-envejecimiento al haberse probado que los 
OAGal tienen un efecto beneficioso sobre ciertos parámetros que juegan un 
papel clave en el envejecimiento de la piel (Lebreton-Decoster y col., 2011). 
o Inhiben lesiones metastásicas o incluso inducen apoptosis en células cancerosas 
(Olano-Martin y col., 2003; Hotchkiss y col., 2007; Jackson y col., 2007). 
o Reducen el daño producido por la ingesta de metales pesados ya que poseen 
propiedades antitóxicas (Hotchkiss y col., 2007; Gullón y col., 2013). 
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o Previenen frente a mircroorganismos patógenos y protegen a los colonocitos 
contra toxinas tipo Shiga (Olano-Martin y col., 2003.b). 
o Presentan efectos inmunológicos (Vos y col., 2007 y 2010). 
o Actúan como antioxidantes y como anti-inflamatorios (Burana-Osot y col., 
2010; Holck y col., 2011). 
También pueden tener aplicaciones en el campo de la agricultura ya que inducen 
la floración, estimulan la síntesis de etileno que regula la maduración del fruto, inducen 
la biosíntesis de metabolitos secundarios y de enzimas protectoras, favorecen el 
crecimiento de la planta, etc. (Selivanov y col., 2008). 
 
1.3.3.  Métodos de obtención de POS. 
Las cadenas poliméricas que componen la estructura de la pectina son altamente 
susceptibles a hidrólisis enzimática (Mandalari y col., 2006; Martínez y col., 2009.b), 
hidrólisis ácida (Grohmann y col., 1995), tratamientos hidrotérmicos (Martínez y col., 
2009) o incluso a métodos físicos como la microfluidización dinámica de alta presión 
(Chen y col., 2013), permitiendo obtener mezclas de POS que, como ya se ha indicado, 
son candidatos prometedores a prebióticos.  
 
1.3.3.1. Métodos enzimáticos. 
La mayoría de los OS destinados a alimentación se fabrican utilizando métodos 
enzimáticos, mediante reacciones de transglicosilación de azúcares simples o por la 
hidrólisis controlada de polisacáridos de origen microbiano o vegetal (Olano-Martin, 
2001). 
Entre las ventajas que presentan los procesos enzimáticos cabe destacar que 
utilizan condiciones de temperatura y presión moderadas, en medios no corrosivos, lo 
que supone importantes ahorros de energía e inmovilizado. Además, la hidrólisis 
enzimática es selectiva, afectando sólo a determinados polímeros (e incluso dentro de 
estos, a enlaces específicos). 
Entre las distintas enzimas que degradan la pared celular se encuentran las 
pectinasas, que a su vez se clasifican de acuerdo con el modo de actuar en un elemento 
estructural específico de la molécula de pectina (Benen y col., 2002). La bibliografía 
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recoge enzimas específicas para el HG, el RG-I y el xilogalacturonano (Voragen y col., 
2009); pero no existen datos sistemáticos para el ramnogalacturonano II (Séveno y col., 
2009).  
Las enzimas que degradan el HG incluyen:  
o Poligalacturonasas (PG), que catalizan la rotura de los enlaces glicosídicos α-
(1,4)-D-ácido galacturónico de las cadenas de HG. Presentan preferencia por 
sustratos no esterificados, de modo que la actividad decrece con el aumento del 
GM. Además, pueden actuar en modo “endo” produciendo oligogalacturónidos, 
o en modo “exo” liberando monómeros de ácido galacturónico (Voragen y col., 
2009). 
o Pectin liasas (PL), enzimas con actividad “endo” que actúan rompiendo el enlace 
que existe entre dos moléculas de ácido galacturónico metilados, mediante una 
reacción de β -eliminación generando, así, oligogalacturónidos insaturados.  
o Pectin metil esterasas (PME), que catalizan la desesterificación del grupo metilo 
del HG, dando lugar a HG desesterificado y metanol. Actúan preferentemente 
sobre los grupos metilo presentes en una unidad de ácido galacturónico unido a 
otrano esterificada (Biscaro y col., 2009).  
o Pectin acetil esterasas (PAE), que rompen los grupos acetilo presentes en la 
posición O-2 y/o O-3 del α-(1,4)-D-ácido galacturónico de la cadena del HG 
(Biscaro y col., 2009). 
Las enzimas que degradan la cadena principal del RG-I incluyen: 
o Ramnogalacturonano hidrolasas, que hidrolizan los enlaces α-(1,4)-D-AGal-α-
(1,2)-L-Ram en la cadena del RG-I, dejando ramnosa en el extremo no reductor 
de la cadena. (Colquhoun y col., 1990). 
o Ramnogalacturonano liasas, que rompen enlaces α-(1,2)-L-Ram-α(1,4)-D-AGal, 
dejando oligómeros con ácido galacturónico insaturado en el extremo no 
reductor y ramnosa en el reductor (Colquhoun y col., 1990). Tanto esta como la 
anterior enzima se ven obstaculizadas por grupos acetilo. 
o Ramnogalacturonano acetil esterasas (RG-AE), eliminan grupos acetilo de las 
unidades de ácido galacturónico presentes en el RG-I, pero no los grupos acetilo 
unidos a la ramnosa (Sengkhamparn y col., 2009).  
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Las enzimas que degradan las cadenas laterales del RG-I incluyen: 
o Arabinanasas, entre las que se encuentran endo-arabinanasas y las 
arabinofuranosidasas (exo-arabinanasas). Las endo-arabinanasas hidrolizan los 
enlaces α-(1,5) de la cadena del arabinano no sustituido, disminuyendo su 
actividad a medida que decrece el GP. El sustrato más pequeño sobre el que 
actúa esta enzima es la arabinotriosa. Las arabinofuranosidasas liberan 
monómeros de arabinosa del extremo no reductor de la cadena de arabinano 
(Kühnel y col., 2011).  
o Galactanasas, de las que existen dos tipos: a) las β-(1,4)-galactanasas, que actúan 
en modo “endo” y “exo” rompiendo los enlaces β-(1,4) del galactano y liberando 
galactooligosacáridos con grados de polimerización entre 1 y 4; y b) las β-
galactosidasas que solo presentan actividad “exo” y que degradan los enlaces β-
(1,3), β-(1,4) y β-(1,6) del galactano, dando lugar únicamente a monómeros de 
galactosa (Westphal, 2010). 
 
Dada la complejidad de la estructura de las fracciones péctica y hemicelulósica, 
normalmente se ha de considerar la interacción sinérgica de diferentes preparados 
enzimáticos para romper los enlaces de distinta naturaleza presentes en ellas. La Figura 
1.10 esquematiza el modo de actuación de las diferentes enzimas que intervienen en la 
degradación del HG y el RG-I, que son considerados como los fragmentos estructurales 
más importantes (Remoroza, 2014).  
Cuando los elementos constituyentes de la pectina no son degradables por las 
enzimas disponibles, se puede aplicar una combinación de tratamientos químicos y 
enzimáticos. Por ejemplo, en la caracterización estructural de cadenas altamente 
ramificadas del RG-I, la eliminación parcial de la cadena lateral por un proceso 
químico, aumenta la accesibilidad de las enzimas al material, permitiendo así la 
degradación enzimática. Además, la actividad enzimática de Endo-PG y RG-hidrolasas 
mejora después de la eliminación de los grupos acetilo y los ésteres metílicos (Coenen, 
2007). 
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Figura 1.10. Esquema representativo de algunos enzimas capaces de degradar la 
pectina 
La Tabla 1.10 recoge varias publicaciones realizadas en el campo de la 
producción de POS por vía enzimática. Como se puede observar en dicha tabla, en los 
últimos años se han empleado una gran variedad de preparados enzimáticos para 
obtener, a partir de diversas materias primas, una amplia gama de productos con 
diferente estructura y composición. 
  
 
Tabla 1.10. Obtención de POS mediante métodos enzimáticos 
Materia prima Enzimas Condiciones de operación Productos Referencia 
Pectina cítrica y de 
manzana 
Endo-PG  
(Pectinase PL “Amano”) 
Tampón acetato 25 mM; pH 4; 
30 ºC; 500 rpm; 80 min POS 
Olano-Martin y 
col., 2001 
Pectina de lima, 
manzana y remolacha 
PME, RG-hidrolasa, 
galactanasa y arabinanasa 
Tampón succinato 50 mM; pH 
4.5 Ramnogalacturónidos  
Bonnin y col., 
2002 
Pectina de remolacha PME, Endo-PG, Endo-
arabinanasa y Endo-galactanasa - 
OAGal parcialmente 
acetilados y metilados 
Quéméner y col., 
2003 
Pectina de manzana 
de alto metoxilo 
Preparado comercial 
(Viscozyme L9) 
Tampón acetato 20 mM; pH 5; 
50 ºC 
Carbohidratos 
constituyentes 
Garna y col., 
2004 
Pectina de remolacha PME, Endo-PG, Endo-
arabinanasa, Endo-galactanasa, 
Tampón succinato 50 mM; pH 
4.5; 30 ºC; 24 h 
OAGal parcialmente 
acetilados y metilados Ralet y col., 2005 
Pulpa de naranja 
Preparados comerciales 
(Pectinex Ultra SP-L, Celluclast 
1.5L y Novozyme 188) 
Tampón acetato 50 mM; 45 
ºC; 10-12 rpm; 24 h 
Carbohidratos 
constituyentes 
Wilkins y col., 
2005 
Piel de bergamota Endo-PG (Pectinase 62L) Tampón acetato 50 mM; pH 5; 37 ºC; 100 rpm; 2 h 
POS de pesos moleculares 
entre 1.4-1.7 kDa 
Mandalari y col., 
2007 
Pectina de bajo 
metoxilo PG 
Tampón citrato; pH 4.1; 50 ºC; 
150 rpm 
Carbohidratos 
constituyentes 
Bélafi-Bakó y 
col., 2007 
Ácido 
poligalacturónico, y 
“región peluda” de 
pectina de manzana 
Endo-PG y RG-hidrolasa 37 ºC; 16 h OAGal con GP≤4 Ramnogalacturónidos 
Coenen y col., 
2008 
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Tabla 1.10. Obtención de POS mediante métodos enzimáticos (Continuación) 
Materia prima       Enzimas Condiciones de operación     Productos Referencia 
Pectina de manzana  PG y PL 
0.15 M de NaCl en tampón 
acetato 50 mM; 35 ºC; 150 
rpm; 0.15 mg/mL de PG 
OAGal con diferentes GP Nikolic y Mojovic, 2008 
Pectina de manzana Endo-pectinasa Tampón acetato 0.1 M; pH 4.8; 46 ºC; 2.5 h 
Carbohidratos 
constituyentes 
Rodríguez-
Nogales y col., 
2008 
Pectina de ginseng Endo-PG Tampón acetato 25 mM; pH 4.2; 50 ºC; 2 h 
Fracciones de RG-I entre 
4-60 kDa Yu y col., 2010 
Pectina de remolacha 
PL 
RG-liasa 
Tampón Tris 50 mM; pH 8; 50 
ºC; 15 h; Tampón Hepes 50 
mM; pH 7.8; 60 ºC; 2 h 
OAGal GP 2-8; 
Ramnogalacturónidos 
sustituidos GP 4-6 
Holck y col., 
2011 
Ácido 
poligalacturónico 
Preparados comerciales (Endo-
PG M2, Pectinase, Viscozyme 
L, Pectinex Ultra SP-L, 
Pectinase 62L y Macer8 FJ) 
Tampón acetato 0.1 M; 5-120 
min OAGal 
Combo y col., 
2012 
Pulpa de naranja Preparados comerciales (Viscozyme L, Celluclast 1.5L) 
Tampón acetato 50 mM; pH 5; 
37 ºC, 150 rpm Mezcla de POS 
Martínez y col., 
2012 
Pentina de remolacha Endo-PG y PME 
pH 5; 50 ºC; 2, 5 y 15 min; 9.5 
U/mL de Endo-PG y 0.5 U/mL 
de PME 
POS Combo y col., 2013 
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1.3.3.2. Métodos químicos. 
Los métodos químicos se basan en la hidrólisis ácida o básica de los enlaces α y β 
glicosídicos de las cadenas principales de HG, RG-I, RG-II y de las cadenas laterales 
del ramnogalacturonano. La hidrólisis ácida se lleva a cabo mediante tratamientos de 
autohidrólisis (o hidrotérmicos) o por procesos con ácidos añadidos externamente, y en 
ambos casos la reacción se cataliza con iones H+ procedentes de la autoionización del 
agua, de ácidos generados in situ y/o de la adición de un ácido al medio. 
No hay muchos trabajos publicados sobre la producción de POS mediante 
tratamientos con ácidos o bases. Entre los disponibles en la bibliografía se encuentran el 
de Gulfi y col. (2007), que realizaron una extracción alcalina de pectina rica en regiones 
“peludas”, obteniendo un producto con un 56% de azúcares neutros y un 15% de ácidos 
urónicos; el de Manderson y col. (2005), que evaluaron las propiedades prebióticas de 
POS del albedo de naranja extraídos mediante la combinación de un tratamiento con 
ácido nítrico y uno térmico; o el de Coenen y col. (2008), quienes efectuaron la 
caracterización de una mezcla compleja de OS derivados de pectina de bagazo de 
manzana obtenidos mediante una secuencia de dos tratamientos ácidos controlados (con 
HCl y TFA).  
Las principales desventajas de estos tratamientos son: (1) la corrosión de los 
equipos; y (2) los posibles efectos perjudiciales en el medio ambiente. 
Por el contrario, el tratamiento hidrotérmico o autohidrólisis que se basa en el 
empleo de agua a temperaturas moderadas (130-250 ºC), ofrece numerosas ventajas 
como son: (1) el carácter respetuoso con el medio ambiente (agua y materia prima son 
los únicos reactivos); (2) la minimización de problemas de corrosión, ya que ningún 
ácido mineral se añade al medio de reacción; (3) la capacidad de generar OS en una sola 
etapa con rendimientos satisfactorios; (4) su velocidad, siendo una técnica más rápida 
que la hidrólisis enzimática; y (5) la coproducción de sólidos agotados enriquecidos en 
celulosa y lignina adecuados para su posterior utilización. 
Durante la autohidrólisis, los grupos acetilo se hidrolizan a ácido acético que 
actúa como catalizador, solubilizando las hemicelulosas y las cadenas poliméricas que 
componen la pectina y dando lugar a disoluciones que contienen oligómeros de distinto 
GP, monómeros así como otros subproductos como ácido acético, furfural o 
hidroximetilfurfural. La solubilización de las distintas fracciones depende de las 
   Introducción 
47 
 
características de la materia prima (tamaño de partícula, tipo de sustituyentes, etc.), del 
medio en el que tiene lugar la hidrólisis (pH, relación líquido-sólido, presión, 
temperatura o velocidad de agitación) y del tiempo de reacción. 
Este enfoque ha sido empleado con éxito con diferentes materiales de origen 
agroindustrial y forestal como se muestra en la Tabla 1.11. 
Tabla 1.11. Obtención de OS a través de tratamientos de autohidrólisis 
Material Condiciones de 
operación* 
Productos 
principales 
Referencia 
Cáscaras de cebada 220 ºC; 8 g/g XOS y AraOS Garrote y col., 2004 
Cascarilla de arroz; 
Paja de trigo; Paja 
de cebada; Zuros de 
maíz 
179 ºC; 23 min; 6, 
16.6, 16.6 y 8 g/g, 
respectivamente 
XOS Nabarlatz y col., 2007 
Madera de 
eucalipto 196 ºC; 8 g/g XOS 
Gullón y col., 
2008.b 
Cascarilla de arroz 180 ºC; 15-40 min; 8 g/g XOS 
Vegas y col., 
2008 
Ácido 
poligalacturónico 160-240 ºC; 1-6 min OAGal 
Miyazawa y col., 
2008 
Pulpa de remolacha 140-200 ºC; 12 g/g POS Martínez y col., 2009 
Pulpa de naranja 140-200 ºC; 12 g/g POS Martínez y col., 2010 
Madera de pino 175 ºC; 26 min; 8 g/g Manooligosacáridos, XOS y GalOS 
Rivas y col., 
2012 
*
 Temperatura (ºC); tiempo (min); relación líquido-sólido, RLS (g/g) 
 
1.3.3.3. Métodos combinados. 
Algunos autores consideraron el tratamiento enzimático de materias primas ricas 
en pectinas como un proceso complementario a pretratamientos químicos para la 
obtención de POS. Por ejemplo, Al-Tamimi y col. (2006) obtuvieron AraOS de GP≤8 a 
partir de pulpa de remolacha a través de un tratamiento con Ca(OH)2 e hidrólisis 
enzimática con Viscozyme L. Igualmente, Zykwinska y col. (2008) emplearon 
diferentes subproductos de la industria alimentaria para obtener pectina y POS mediante 
procesos que implican extracción con etanol y degradación enzimática, y Yapo y col. 
(2007) extrajeron pectinas de cáscaras de cítricos con agua, oxalato, ácido o álcali para 
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después aislar distintas fracciones. Por su parte, Séveno y col. (2009) compaginaron 
etapas de extracción con etanol, saponificación con NaOH y tratamientos enzimáticos y 
con TFA  para producir una compleja mezcla de oligómeros. 
Otros métodos que también han sido ensayados son: la microfluidización 
dinámica de alta presión, una tecnología emergente que ha demostrado ser un método 
físico prometedor para manipular el peso molecular de los polímeros (Chen y col., 
2013) o la extracción físico-química de pectinas de cáscaras de naranja mediante el 
calentamiento con microondas en medio ácido, provocando su despolimerización 
posterior por ultrasonidos, extrusión a pH alcalino y/o radiación gamma (Liu y col., 
2006; Luzio, 2008). 
 
1.3.4.  Purificación y fraccionamiento de POS. 
Los procesos habitualmente empleados para la producción de POS producen 
simultáneamente en el medio de reacción compuestos indeseados, como son los 
monosacáridos y/o los productos de descomposición de azúcares. Por ello, cuando el 
propósito final es emplear los POS en alimentación, los licores obtenidos por 
autohidrólisis o por tratamientos enzimáticos deben someterse a procesos de 
purificación que eliminen estas impurezas presentes en la mezcla. 
Por otro lado, el empleo de ciertas técnicas de fraccionamiento, tras las etapas de 
purificación, permite obtener fracciones con características específicas que incluso 
facilitarían posteriores etapas de caracterización. 
 
1.3.4.1. Técnicas de purificación. 
La bibliografía recoge pocos trabajos en el campo de la purificación de POS y los 
que hay se basan fundamentalmente en el empleo de tecnología de membranas e 
intercambio iónico.  
Los procesos de membranas son una alternativa interesante empleada con éxito en 
diferentes estudios (Olano-Martin y col., 2001; Vegas y col., 2006; Pinelo y col., 2009; 
González-Muñoz y col., 2011), debido a sus aplicaciones en purificación, 
fraccionamiento y/o concentración de corrientes de la industria alimentaria y 
farmacéutica, así como en procesos biotecnológicos. Esta tecnología emplea un 
gradiente, ya sea de presión o electrostático, para forzar el paso de determinados 
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componentes de una disolución a través de una membrana porosa semipermeable, de 
modo que se obtenga una separación en base al tamaño y/o carga molecular (Chacón-
Villalobos, 2006). La presión requerida para forzar el paso a través de una membrana 
depende del tamaño de los poros, siendo necesario incrementar sustancialmente su 
magnitud a medida que el tamaño de éstos decrece (Brans y col., 2004).  
Existe una gran diversidad de membranas, tanto en configuraciones como en 
materiales de construcción y tamaños de poro. En relación con el material de 
fabricación (Vaillant y col., 2005), las membranas pueden estar hechas de acetato de 
celulosa (celulósicas), de polímeros orgánicos (como polisulfonas, teflón, propilenos, 
poliamidas, polisulfuros, polipropilenos), o compuestas de materiales inorgánicos 
(cerámicas). 
De acuerdo con la configuración, las membranas pueden ser planas, en forma de 
cartuchos tubulares de paredes filtrantes o espirales, tratando así, de maximizar el área 
en un mínimo espacio (Chacón-Villalobos, 2006). 
Además de ser una tecnología sencilla, el uso de membranas ofrece numerosas 
ventajas como: eficiencia energética, funcionamiento sin disolventes orgánicos nocivos, 
posibilidad de modificar las condiciones de operación (como presión, temperatura, 
agitación o caudal de alimentación) y no requerir demasiado espacio para su utilización, 
a la vez que su escalado es relativamente fácil (Pinelo y col., 2009; Michelon y col., 
2014).  
Por su parte, el intercambio iónico permite eliminar iones de naturaleza orgánica e 
inorgánica presentes en los hidrolizados. En ocasiones, los resultados obtenidos 
mediante este tipo de técnicas se deben a la combinación de efectos de intercambio 
iónico y de adsorción en la matriz polimérica de las propias resinas (De Mancilha y 
Karim, 2003). Una ventaja del intercambio iónico respecto a otros procesos de 
separación es que permite cambiar la composición iónica de una disolución sin la 
introducción de sustancias indeseables, lo que unido a su sencillez, proporciona a esta 
técnica numerosas ventajas. 
En la industria alimentaria el intercambio iónico se utiliza para desmineralizar 
líquidos azucarados y jarabes, controlar la acidez, el olor, el color y el sabor y aislar o 
purificar un aditivo o un componente del alimento. 
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Gullón y col. (2011) emplearon una secuencia de intercambio iónico y filtración 
con membranas para separar y purificar ácido láctico y POS producidos mediante 
sacarificación y fermentación simultáneas de bagazo de manzana. Otros trabajos en los 
cuales se consiguieron resultados positivos aplicando estas tecnologías son el de Vegas 
y col. (2008.b), que utilizaron resinas tanto aniónicas como catiónicas para eliminar 
impurezas de licores de autohidrólisis obtenidos a partir de cascarillas de arroz, y el de 
Gullón y col. (2014), quienes aplicaron filtración por membranas seguida de 
intercambio iónico para purificar licores ricos en arabinoxilooligosacáridos producidos 
a partir de salvado de trigo. 
 
1.3.4.2.Técnicas de fraccionamiento. 
La mayor parte de las técnicas de producción de POS permiten obtener mezclas 
complejas. Sin embargo, si se quiere profundizar en el estudio de las relaciones 
estructura-función, es necesario disponer de técnicas de fraccionamiento que permitan 
obtener, a partir de dichas mezclas,  muestras con características físico-químicas 
definidas de carga, tamaño, GM, GA, grado de sustitución y tipo de sustituyentes. 
Varios estudios han empleado la cromatografía de intercambio iónico de baja 
presión y/o cromatografía de exclusión por tamaño como etapas de separación antes de 
la aplicación de la cromatografía de intercambio aniónico de alta eficacia acoplada a un 
detector de pulso amperométrico (HPAEC-PAD) y/o de técnicas de espectrometría de 
masas (Bonnin y col., 2002; Ralet y col., 2005; Zhang y col., 2009; Westphal y col., 
2010). 
La cromatografía de intercambio iónico es una técnica basada en interacciones 
electrostáticas que permite la separación de macromoléculas en función de sus cargas 
mediante su interacción diferencial con una fase estacionaria de naturaleza iónica. La 
fase estacionaria consta de intercambiadores iónicos, que contienen grupos cargados 
unidos covalentemente a un soporte o matriz. Según la carga de la fase estacionaria se 
distingue entre cromatografía de intercambio aniónico y de intercambio catiónico 
(García y col., 1996). Las matrices están constituidas por polímeros naturales (celulosa, 
agarosa, gel de sílice, dextrano entrecruzado) o polímeros de síntesis (como la 
acrilamida o resinas tipo poliestireno-divinilbenceno). Sus propiedades químicas y 
mecánicas gobiernan las características de flujo, accesibilidad de los iones y estabilidad 
del intercambiador (García y col., 1996). 
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Los intercambiadores pueden ser (García y col., 1996): 
o Fuertes: sus grupos están totalmente ionizados en un amplio intervalo de pH, en 
el que mantienen su actividad o capacidad de intercambio. Entre ellos están 
TEAE (trietilaminoetilo aniónico), QAE (aminoetilo cuaternario aniónico) y SP 
(sulfopropilo catiónico). 
o Débiles: su grado de disociación, que define su carga y por tanto su capacidad de 
intercambio, varía mucho con el pH, de modo que sus grupos están ionizados en 
un intervalo de pH más estrecho. Entre ellos están DEAE (dietilaminoetilo, 
aniónico) y CM (carboximetilo, catiónico). 
Otro de los métodos más utilizados en el fraccionamiento de POS es la 
cromatografía de filtración en gel, en la cual la mezcla de compuestos a separar es 
arrastrada por una fase móvil que circula a través de una fase estacionaria  con 
naturaleza de gel (García y col., 1996), el cual está formado por gránulos de un material 
esponjoso hidratado con poros de diámetro adecuado para la separación que se persigue. 
Se ha empleado para separar componentes oligoméricos según su peso molecular, 
siendo los geles tipo Bio-Gel (Renard y col., 1997.b; Van Laere y col., 2000; Al-
Tamimi y col., 2006) y Sephadex (Yu y col., 2010), los más empleados. En este tipo de 
cromatografía, los solutos eluyen por orden decreciente de tamaño molecular (García y 
col., 1996). 
 
1.3.5. Análisis químico-estructural de los POS.  
La estructura y composición de los POS pueden afectar a su funcionalidad 
biológica, por lo tanto una caracterización química detallada es necesaria para evaluar 
las interrelaciones entre estructura y función. Además en la hoja de ruta que establece la 
FAO para la evaluación y comprobación de los prebióticos para su utilización en 
alimentos, se indica que, para establecer las propiedades de estos, en primer lugar deben 
de estar adecuadamente caracterizados (Corzo y col. 2015). 
Debido a la complejidad de las mezclas de POS, una completa caracterización 
química de los mismos requiere de la combinación de varias técnicas analíticas. A 
continuación se describirán brevemente las más empleadas en este campo de la 
investigación. 
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A la hora de abordar la caracterización de POS por cromatografía de líquidos o de 
gases (HPLC o GC), además del tipo de columna y condiciones de operación, también 
es importante la elección de un detector adecuado.  
Diversos estudios emplearon un sistema de HPLC equipado con detector de UV 
para analizar  OAGal insaturados o AraOS sustituidos con grupos ferúlicos (Stoll y col., 
2002; Delattre y col., 2008; Holck y col., 2011.b). Por su parte, la combinación de 
detectores de IR y UV permitió determinar AGal y OAGal (Miyazawa y Funazukuri, 
2004) y el uso de HPLC acoplado a un detector de masas (LC-MS) ha supuesto un gran 
avance en la caracterización tanto de OS neutros como ácidos (Coenen y col., 2007; 
Westphal y col., 2010.b.; Leijdekkers y col., 2011).  
La cromatografía de intercambio aniónico de alta eficacia (HPAEC) aprovecha el 
carácter débilmente ácido de los carbohidratos y grupos alcohol presentes en los 
azúcares para proporcionar separaciones altamente selectivas a pH elevado, usando 
como fase estacionaria un intercambiador de aniones fuerte. Las columnas de 
intercambio aniónico más usadas para el análisis de monosacáridos y oligosacáridos son 
la CarboPac PA-1 y la CarboPac PA-100. La composición de la fase móvil influye en la 
selectividad y rapidez de la separación, y en la sensibilidad de la detección. Por lo tanto, 
en función de los componentes a analizar, se han de emplear disoluciones de NaOH de 
diversas concentraciones, y diferentes gradientes de acetato sódico (Martínez, 2012).  
Esta técnica se utiliza mucho para la caracterización de POS, permitiendo tanto la 
cuantificación de los azúcares constituyentes como el análisis cualitativo de los OS 
(Daas y col., 2001; Lama-Muñoz y col., 2012; Combo y col., 2013). 
La cromatografía de exclusión por tamaños de alta eficacia (HPSEC) emplea fases 
estacionarias constituidas por pequeñas partículas poliméricas o de sílice que contienen 
una red uniforme de poros. Las moléculas que son más grandes que el tamaño medio de 
poros del relleno prácticamente no se retienen, y son, por tanto, las primeras que eluyen. 
La HPAEC-PAD permite la detección y cuantificación de carbohidratos a muy 
bajas concentraciones, en tanto que la HPSEC acoplada a diversos tipos de detectores, 
es una técnica muy utilizada en la evaluación de la distribución de pesos moleculares 
(ver Tabla 1.12). 
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La cromatografía líquida de interacción hidrofílica (HILIC) es una técnica 
cromatográfica complementaria que puede ser usada con éxito para mejorar la retención 
de especies muy polares así como para proporcionar un modo de separación de mezclas 
de compuestos polares e ionizables. Esto se consigue empleando una fase móvil 
acuosa/orgánica (normalmente acetonitrilo en agua) en combinación con una fase 
estacionaria polar. 
La GC ofrece un alto poder de resolución, sensibilidad y selectividad, permitiendo 
el análisis de compuestos presentes en bajas concentraciones. La fase móvil utilizada 
(generalmente He, aunque también se puede utilizar N2), no puede interaccionar con las 
moléculas del analito, siendo su única función transportarlo a través de la columna. Es 
una técnica empleada para la determinación de azúcares, pero para analizarlos es 
necesario convertirlos en derivados. La bibliografía recoge diversos procesos para 
obtener derivados de hidratos de carbono, entre los que cabe destacar los acetatos de 
alditol. Está técnica se basa en la reducción de aldosas a alditoles y su conversión a 
acetatos de alditol. 
La técnica utilizada para determinar y cuantificar azúcares neutros procedentes de 
la hidrólisis de los oligosacáridos o polisacáridos, es la cromatografía de gases con 
detector de ionización de llama (GC-FID). Por otra parte, en la actualidad, la GC-MS se 
emplea también para determinar la composición de oligosacáridos y polisacáridos (tras 
una etapa de hidrólisis o metanólisis), y los tipos de enlaces, mediante análisis de 
metilación (Doco y col., 2001; Hilz y col., 2005). 
Otra de las técnicas empleadas en este campo es la espectrometría de masas, que 
se basa en la conversión de los componentes de una muestra en iones gaseosos, que se 
conducen a un analizador de masas, donde se separan en función de su relación masa-
carga. Los métodos de ionización más habituales son: la ionización por electrospray 
(ESI) y la desorción/ionización láser asistida por matriz (MALDI). Una restricción de 
esta última técnica es la corta vida de los iones, por lo que se suele emplear como 
analizador el TOF (Time of Flight). El MALDI-TOF es una técnica ampliamente 
utilizada en la caracterización de POS (Westereng y col., 2009; Westphal y col., 2010; 
Holck y col., 2011). Asimismo, se ha empleado ESI acoplada a diversos analizadores 
para la determinación de oligogalacturónidos y ramnogalacturónidos (Ralet y col., 
2010; Leijdekkers y col., 2011; Nunes y col., 2012). En concreto, se ha empleado 
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recientemente la combinación ESI-MS/HILIC-ELSD para determinar el patrón de 
distribución de ésteres en pectinas acetiladas (Remoroza, 2014).  
Finalmente, la electroforesis capilar (CE) es una técnica de separación basada en 
la diferente velocidad de migración de distintos componentes cargados bajo la acción de 
un campo eléctrico. En el análisis de POS, la CE se combina con un detector de 
fluorescencia (LIF) o un MS, consiguiéndose rápidas separaciones (Martínez, 2012). 
Muchas de estas técnicas no son aplicables al análisis de la estructura de muestras 
originales sin degradar, es decir, de polisacáridos intactos. En estos casos se pueden 
emplear alternativas como la resonancia magnética nuclear (NMR), que permite 
determinar el GM y la localización de grupos acetilo en las unidades de GalA de la 
pectina (Renard y Jarvis, 1999; Kim y col., 2005; Winning y col., 2009), la 
espectroscopia de infrarrojo por transformada de Fourier (FTIR) para una visión global 
de la estructura a nivel polimérico (Mouille y col., 2003; Verhoef y col., 2005) o 
HPSEC (Hilz y col., 2005; Masmoudi y col., 2012; Remoroza y col., 2012). 
Tabla 1.12. Resumen de las técnicas empleadas en el análisis de POS 
Métodos Referencias 
Contenido total de azúcares neutros (sin 
hidrólisis previa):  
o método automatizado orcinol/ácido 
sulfúrico  
o método fenol/ácido sulfúrico 
 
Guillotin y col., 2007; Zykwinska y col., 
2008.b; Sengkhamparn y col., 2009.b 
Olano-Martin y col., 2001; Manderson y col., 
2005 
Composición en azúcares neutros (tras 
hidrólisis): 
o HPLC (columnas Aminex HPX-87H y 
Aminex HPX-87P) 
o HPAEC-PAD 
o GC-FID (determinación como acetatos de 
alditol) 
 
Martínez y col., 2010; Gullón y col., 2011; 
Martínez y col., 2012 
Hellín y col., 2001; Manderson y col., 2005; 
Coenen y col., 2007; Willför y col., 2009 
Fissore y col., 2011; Kühnel y col., 2011.b; 
Masmoudi y col., 2012 
Ácidos urónicos: 
o Contenido total, método colorimétrico m-
hidroxidifenil 
o Identificación/ cuantificación, 
- HPAEC-PAD 
- HPLC 
 
Van Laere y col., 2000; Guillotin y col., 2007; 
Zykwinska y col., 2008.b 
 
Willför y col., 2009; Masmoudi y col., 2012 
Martínez y col., 2010; Martínez y col., 2012 
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Tabla 1.12. Resumen de las técnicas empleadas en el análisis de POS (Continuación) 
Métodos Referencias 
Cuantificación de sustituyentes (no azúcares): 
o Grado de metilación, GM 
- HPLC 
- GC 
- Método colorimétrico 
o Grado de acetilación, GA 
- HPLC 
- Método colorimétrico (Kit) 
o Contenido en AFer 
 
 
 
Levigne y col., 2002; Gulfi y col., 2005 
Huisman y col., 2004 
Guillotin y col., 2007; Remoroza y col., 2012 
 
Levigne y col., 2002; Gulfi y col., 2005 
Remoroza y col., 2012 
Oosterveld y col., 2000; Kühnel y col., 2011.b 
Análisis y separación de oligómeros: 
o HPAEC-PAD 
 
 
o HPSEC  
 
 
o MALDI-TOF MS 
 
o HILIC-ELSD/ESI-MS 
 
o CE-LIF 
 
o CE-MS 
 
Van Laere y col., 2000; Daas y col., 2001; 
Kabel y col., 2001; Bruggink y col., 2005; 
Combo y col., 2012 
Van Laere y col., 2000; Oosterveld y col., 
2000; Hellín y col., 2001; Kühnel y col., 
2011.b 
Limberg y col., 2000; Hilz y col., 2006; 
Sengkhamparn y col., 2009; Westphal y col., 
2010.c 
Remoroza y col., 2012; Remoroza y col., 
2014; Leijdekkers y col., 2014 
Kabel y col., 2006; Coenen y col., 2008; 
Westphal y col., 2010.c 
Kabel y col., 2006; Coenen y col., 2008 
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El trabajo expuesto en esta memoria se enmarca dentro de una de las líneas de 
investigación que el grupo EQ-2 (perteneciente al Departamento de Ingeniería Química 
de la Universidad de Vigo) lleva a cabo en el Campus de Ourense, y que trata de la 
obtención y evaluación de nuevos prebióticos a partir de materias primas de origen 
vegetal.  
El objetivo principal de este trabajo fue el desarrollo de procesos de producción 
de mezclas purificadas de pectooligosacáridos (POS), que sean susceptibles de ser 
usados como ingredientes prebióticos en alimentos funcionales, usando, como materias 
primas, subproductos agroindustriales de alto contenido en pectinas y bajo valor en el 
mercado (concretamente, pulpas de naranja y limón, bagazo de manzana y pulpa de 
remolacha azucarera). 
Para conseguir este objetivo, se planteó una serie de objetivos parciales que, a 
continuación, se enumeran:  
1. Revisión de la literatura científica publicada en relación con el campo de los 
prebióticos y de los POS.  
2. Determinación de la composición química de las materias primas en estudio. 
3. Desarrollo de  procesos de producción de mezclas de POS mediante 
tratamiento hidrotérmico o enzimático de materias primas seleccionadas. 
4. Desarrollo de procesos de refinado de las mezclas de POS obtenidas en 
distintos procesos, empleando tecnologías medioambientalmente limpias y 
escalables.  
5. Puesta a punto de técnicas de fraccionamiento y análisis para la 
caracterización química de las mezclas de POS purificadas. 
6. Caracterización química de los productos finales. 
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7. Evaluación del potencial prebiótico de los diferentes productos mediante  
ensayos de fermentación in vitro, usando, como inóculos, muestras de heces 
fecales humanas. 
 
Para conseguir estos objetivos, se siguió un plan de trabajo, cuyas tareas se 
exponen a continuación: 
 Tarea 1. Revisión de la literatura científica publicada en relación con el campo 
de la pectina y los POS.  
 Búsqueda y recopilación de la información sobre: a) materias primas ricas en 
pectinas; b) tratamientos físicos, químicos y enzimáticos empleados en la 
producción de POS; c) métodos de purificación de las disoluciones obtenidas 
en los tratamientos; d) técnicas de fraccionamiento y análisis habitualmente 
empleados en la caracterización estructural de pectinas y POS; y e) resultados 
publicados sobre la actividad prebiótica de pectinas y POS. 
 Redacción de un artículo de revisión.  
Este trabajo de revisión bibliográfica se recoge en el artículo titulado “Pectic 
oligosaccharides: manufacture and functional properties” que fue publicado en 
el año 2013 en la revista Trends in Food Science and Technology (Vol. 30, págs. 
153-161) y que se incluye como Anexo A de esta memoria 
 Tarea 2. Caracterización química de las materias primas. 
 Recogida periódica de muestras de las materias primas en estudio. 
 Preparación de lotes homogéneos mediante la combinación de las distintas 
muestras. 
 Caracterización química de los lotes obtenidos mediante métodos estándar. 
 Tarea 3. Estudio y puesta a punto de un proceso de producción de POS 
mediante tratamiento hidrotérmico de la pulpa del limón. 
Esta tarea se estructuró en las siguientes subtareas: 
 Estudio del acondicionamiento de las muestras mediante un proceso de 
extracción acuosa en flujo cruzado, cuyo objetivo fue eliminar y, a la vez, 
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recuperar (para otros posibles usos) los azúcares libres presentes en las 
mismas.  
 Determinación de la composición de los extractos y de las fracciones 
insolubles resultantes del proceso de acondicionamiento. 
 Preparación de un lote de sólidos libres de extractos. 
 Evaluación del efecto del tratamiento hidrotérmico sobre la hidrólisis y 
solubilización de los principales componentes de los sólidos generados en la 
etapa de acondicionamiento. Los trabajos llevados a cabo incluyeron:  
- Realización de tratamientos de autohidrólisis en régimen no isotermo hasta 
temperaturas máximas comprendidas entre 150-180 ºC con una RLS de 12 
g agua/ g de pulpa extraída seca. 
- Determinación de los rendimientos y la composición de los sólidos 
agotados. 
- Determinación de la composición de los licores de reacción, incluyendo 
contenido en monosacáridos, oligosacáridos (entre ellos, 
arabinooligosacáridos, galactooligosacáridos y oligogalacturónidos), 
contenido en componentes no volátiles (CNV) y contenido en compuestos 
no volátiles de naturaleza desconocida (OCNV). 
 Realización de balances de materia al proceso. 
 Selección de las condiciones de operación. 
Los detalles sobre la metodología, así como los resultados experimentales y la 
discusión de los mismos, se recogen en el artículo titulado “Pectic 
oligosacharides from lemon peel wastes: production, purification, and chemical 
characterization” publicado en el año 2013 en la revista Journal of Agricultural 
and Food Chemistry (Vol. 61, págs. 10043-10053), que se incluye como Anexo 
B de esta memoria. 
 Tarea 4. Evaluación de la producción de POS mediante tratamiento enzimático 
de pulpa de limón. 
Como alternativa a la tarea 3, y con el objetivo de obtener mezclas de POS con 
distintas características, se llevó a cabo un estudio sobre producción de POS 
mediante hidrólisis enzimática. Esta tarea constó de las siguientes partes: 
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 Preparación de un lote de sólidos libres de extractos mediante extracción 
acuosa de pulpa de limón, tal y como se menciona en la tarea 3. 
 Selección de preparados comerciales ricos en pectinasas y caracterización de 
los mismos mediante determinación de las actividades enzimáticas 
principales, empleando, para ello, métodos estándar. 
 Evaluación experimental del proceso de producción de POS mediante 
hidrólisis enzimática en diferentes condiciones. El trabajo consistió en una 
serie de siete experimentos que permitieron estudiar el efecto de la 
esterilización previa, de la carga y tipo de enzimas utilizadas y del tiempo de 
hidrólisis sobre la composición de los licores.  
 Selección de las condiciones de operación y caracterización química de los 
productos obtenidos en dichas condiciones. 
La metodología y resultados y discusión correspondientes a este trabajo se 
incluyen en el artículo de titulado “Production of pectin-derived 
oligosaccharides from lemon peels by extraction, enzymatic hydrolysis and 
membrane filtration” publicado en la revista Journal of Chemical Technology 
and Biotechnology (DOI: 10.1002/jctb.4569, publicado online el 11 de Nov. 
2014) y que se presenta como Anexo C de esta memoria. 
 Tarea 5. Estudio de la producción de POS mediante tratamiento hidrotérmico 
de bagazo de manzana. 
 Estudio del proceso de tratamiento hidrotérmico operando en régimen no 
isotermo hasta temperaturas máximas comprendidas entre 130-180 ºC y con 
una RLS de 10 g agua/ g de bagazo de manzana seco.  
 Evaluación de la composición de los licores obtenidos, incluyendo contenido 
en oligosacáridos, monosacáridos, CNV y OCNV. 
 Cálculo de la severidad del tratamiento óptimo en régimen no isotermo (160 
ºC) y determinación de las condiciones para un tratamiento equivalente pero 
en régimen isotermo. 
 Determinación de la composición de los licores obtenidos tras el experimento 
en régimen isotermo en condiciones seleccionadas (140 ºC, 18.5 min). 
La resultados experimentales de las condiciones seleccionadas de esta tarea se 
recogen en el resumen extendido titulado “Searching for new prebiotics for 
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elderly: production and in vitro evaluation of pectic oligosaccharides from apple 
pomace” incluido en el libro “The intestinal microbiota and gut health: 
contribution of the diet, bacterial metabolites, host interactions and impact on 
health and disease” (págs. 66-69) que fue editado con motivo de la “ENGIHR 
Conference” celebrada en Valencia, del 18-20 de Septiembre del año 2013 y que 
se presenta como Anexo D de esta memoria. 
 Tarea 6. Desarrollo de procesos de purificación de los licores obtenidos en 
procesos seleccionados.  
Esta tarea consistió en la puesta a punto de un proceso de refinado que 
permitieran obtener productos sólidos enriquecidos en POS a partir de los licores 
obtenidos en las tareas 3, 4 y 5. Para dar continuidad a los estudios previos del 
grupo investigación, se incluyeron también los licores producidos por 
tratamiento de pulpa de naranja en condiciones seleccionadas por Martínez y 
col. (2010). Esta parte del trabajo se dividió en las siguientes subtareas: 
 Preparación de lotes de licores en condiciones seleccionadas.  
 Estudio del proceso de purificación mediante la realización de experimentos 
de filtración con membranas planas de pequeño tamaño, operando, tanto en 
modo diafiltración, como en modo concentración.  
 Caracterización química de las corrientes obtenidas y realización de balances 
de materia. 
 Estudio del proceso a escala superior mediante la realización de experimentos 
de filtración con una membrana espiral de mayor tamaño y capacidad. 
 Caracterización química y liofilización del producto final obtenido. 
La metodología, los resultados experimentales y la discusión de los resultados 
obtenidos se describen (dependiendo de los licores de alimentación empleados), 
en los Anexos B, C, D, así como en los Anexos E (Journal of Agricultural and 
Food Chemistry, 62, 9769-9782, 2014) y F (enviado a publicar al Journal of 
Functional Foods) de esta memoria.      
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 Tarea 7. Puesta a punto de técnicas avanzadas de fraccionamiento y análisis 
para la caracterización estructural de los compuestos presentes en los 
preparados purificados. 
Dada la complejidad de la composición de las mezclas de POS obtenidas en este 
trabajo, fue necesario, para su caracterización, poner a punto y aplicar la 
secuencia de técnicas que, a continuación, se detalla: 
 Fraccionamiento de los componentes presentes en los liofilizados purificados 
(tanto de pulpa de limón como de naranja), mediante cromatografía de 
intercambio iónico de baja presión. 
 Digestión enzimática de las muestras usando pectin-liasa y endo-
poligalacturonasa como paso previo a su identificación mediante distintas 
técnicas instrumentales. 
 Análisis químico y estructural de los productos obtenidos mediante el empleo 
de diversas técnicas cromatográficas (HPLC, HPAEC-PAD/UV, HILIC, 
HPSEC) y de espectrometría de masas (MALDI-TOF-MS). 
La metodología, los resultados experimentales y su discusión forman parte de 
los artículos que se muestran como Anexos B, C, E y F en esta memoria. 
 Tarea 8. Estudio de la actividad prebiótica de los POS obtenidos mediante 
ensayos de fermentabilidad “in vitro” con inóculos fecales procedentes de 
donantes adultos sanos. 
 Búsqueda y selección de donantes adultos sanos (30-35 años) y recogida de 
muestras de heces. En el caso de los trabajos realizados con bagazo de 
manzana se seleccionaron personas mayores de 60 años. 
 Preparación de muestras de pectinas a partir de las distintas materias primas, 
mediante técnicas estándar. 
 Realización de ensayos de fermentabilidad de los POS purificados usando, 
para ello, cultivos de heces fecales humanas. 
 Determinación del contenido en AGCC (acético, propiónico y butírico) y en 
ácido láctico en todos los medios fermentados.  
 Seguimiento de la dinámica de las poblaciones bacterianas a través de la 
técnica FISH, con cuantificación de hasta 8 grupos bacterianos.  
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 Comparación de los resultados experimentales con los obtenidos con 
prebióticos comerciales (FOS), con un control negativo (sin fuente de 
carbono) y con pectinas procedentes de las mismas materias primas. 
La metodología, los resultados experimentales y discusión relativos a este 
estudio se recogen en las publicaciones incluidas como Anexos D, E y F de la 
presente memoria. 
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La valorización de subproductos agroindustriales como las pulpas de cítricos, el 
bagazo de manzana y la pulpa de remolacha azucarera mediante su empleo como 
materias primas en procesos de producción de POS, podría ser, como se observa a partir 
de los resultados de este trabajo, una alternativa de interés para la industria 
agroalimentaria y para la sociedad en general. Si a esto se une que los procesos 
desarrollados se basan siempre en tecnologías medioambientalmente limpias, 
sostenibles y escalables, el interés podría ser incluso mayor. 
En los siguientes párrafos se presentan y se discuten los resultados más 
destacables de esta Tesis Doctoral: 
 
1. Composición de las materias primas del estudio. 
Se recogieron (a lo largo de varias campañas) muestras de cada una de las materias 
primas, se prepararon lotes homogéneos y se les determinó su composición por 
métodos estándar.  
o La pulpa de remolacha mostró elevados contenidos en galacturonano, glucano, 
arabinano y proteína (21.0, 20.1, 17.5 y 10.8% de la materia prima seca, 
respectivamente), además de un alto contenido en grupos acetilo (2.6%). 
o La pulpa de limón destacó por su contenido en galacturonano y glucano (13.9 y 
14.1% de la materia prima seca, respectivamente) aunque presentó, también, 
cantidades significativas de arabinano (4.4%) y galactano (2.4%).  
o La pulpa de naranja se caracterizó por tener una composición cercana a la de la 
pulpa de limón con unos valores de galacturonano, glucano, arabinano y 
galactano de 12.3, 8.6, 3.1 y 3.0% de la materia prima seca, respectivamente. 
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o Por su parte, en el bagazo de manzana, la suma de galacturonano, arabinano, 
xilano, galactano y grupos acetilo (fracciones de interés para la obtención de 
POS) supuso un 18%. 
o También conviene destacar que tanto el bagazo de manzana como las pulpas de 
cítricos presentaron altos contenidos en azúcares libres, fácilmente recuperables 
para otros usos mediante extracción con agua. Sus valores oscilaron entre 39.1 y 
60.4% de materia prima seca.  
o Por último, hay que decir que los resultados obtenidos estuvieron en 
concordancia con los encontrados en la bibliografía. 
 
2. Estudio de los procesos de producción de POS. 
o Se sometieron muestras de pulpa de limón (previamente extraídas con agua) a un 
proceso de tratamiento hidrotérmico en régimen no isotermo, con temperaturas 
máximas comprendidas entre 150-180 ºC y usando una RLS de 10 g/g. En 
condiciones de operación seleccionadas (temperatura máxima= 160 ºC) se 
alcanzó la máxima concentración de oligómeros (31 g/L). En términos de 
rendimiento, la producción total fue de 16.6 kg de OS/ 100 kg de pulpa de limón 
seca, de los cuales 11.1 kg fueron OAGal y 3.0 kg AraOS. Además, los licores 
resultantes presentaron un nivel de impurezas relativamente bajo (18 kg/ 100 kg 
de producto seco). 
o Como alternativa al proceso anterior, se llevó a cabo un estudio sobre la 
producción de POS mediante tratamiento enzimático de pulpa de limón extraída, 
empleando diferentes preparados comerciales de pectinasas (concretamente, 
Viscozyme L, Pectinase 62L o Pectinex ULTRA SP-L) y celulasas (Celluclast 
1.5L). En el estudio se evaluó el efecto del tipo y carga de enzimas empleadas, el 
tiempo de hidrólisis y la esterilización previa del medio sobre la cantidad y 
distribución de productos generados.  
 En las condiciones seleccionadas (Viscozyme L, 3 U PG/g sólido y con 
esterilización previa del medio), se obtuvieron, a partir de 100 kg de pulpa 
de limón extraída y tras 7.5 y 24 horas de hidrólisis, licores con 16.5 y 
19.4 kg de POS, respectivamente. Estas mezclas de oligosacáridos 
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estuvieron formadas, principalmente, por OAGal además de AraOS y 
GalOS de diferente peso molecular. 
o Simultáneamente, se llevó a cabo un estudio sobre la producción de POS 
mediante tratamiento hidrotérmico de bagazo de manzana. En las condiciones de 
operación seleccionadas (temperatura= 140 ºC, tiempo= 18.5 minutos), se 
obtuvieron, a partir de 100 kg de bagazo de manzana seca, 20 kg de OS, siendo 
los OAGal y los AraOS los oligosacáridos principales. 
 
3. Purificación y caracterización de las mezclas de POS. 
o Se sometieron muestras de licores obtenidos mediante tratamiento hidrotérmico 
de pulpa  de limón a un proceso de purificación mediante filtración con 
membranas en dos etapas (la primera operando en modo diafiltración y la 
segunda en modo concentración). Para ello, se utilizó un sistema provisto de una 
membrana plana de celulosa regenerada de 1 kDa y se trabajó a una presión de 3 
bars. Los balances de materia mostraron altos rendimientos de recuperación para 
los productos deseados, obteniéndose un concentrado que contenía un 98% de 
OS, y en el que destaca su elevado porcentaje de OAGal (74%), además de 
cantidades significativas de AraOS (12%) y GalOS (6%). 
o Con el objetivo de conocer de manera detallada la composición química del 
producto refinado, y dada la complejidad de la mezcla de partida, se sometió una 
muestra a una etapa de fraccionamiento mediante cromatografía de intercambio 
iónico de baja presión. Esta técnica permitió separar la muestra en seis 
fracciones que se analizaron mediante distintas técnicas. Este protocolo de 
análisis permitió afirmar que el producto final contiene fundamentalmente 
AraOS con GP comprendidos entre 2-8 y OAGal con GP entre 2-18 y con GM 
variable.  
o El proceso de purificación de los licores de autohidrólisis de pulpa de limón se 
repitió empleando una membrana espiral con capacidad para trabajar con 
mayores volúmenes y, de este modo, obtener una cantidad de producto seco 
adecuada para realizar ensayos de fermentación in vitro. El concentrado de POS 
obtenido (denominado LPOS en el anexo F), destacó por un alto contenido en 
OAGal (0.62 kg/ kg producto seco) y una presencia de impurezas no volátiles 
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del 11%, además de cantidades moderadas de AraOS y GalOS (0.14 y 0.09 kg/ 
kg producto seco, respectivamente). Estos valores fueron, como se puede ver,  
similares a los obtenidos con la membrana plana. 
o Por otro lado, se obtuvo una mezcla refinada de POS a partir de pulpa de 
remolacha siguiendo el proceso desarrollado por Martínez y col. (2009) y 
Martínez (2012). Esta mezcla (denominada con el acrónimo SBPOS en el anexo 
F) contuvo unas impurezas no volátiles del 14% y proporciones similares de 
AraOS y OGalA (0.36 y 0.34 kg/ kg producto seco, respectivamente), siendo los 
OAGal de un peso molecular y GM menores que los presentes en las mezclas de 
LPOS, pero con un mayor GA. 
o En relación con la producción de POS a partir de pulpa de limón mediante 
digestión enzimática, los licores producidos tras 7.5 y 24 h de hidrólisis se 
sometieron también a procesos de purificación con una membrana plana de 1 
kDa, obteniéndose corrientes de retenido con altos contenidos en OS (83.4% y 
87.5%, respectivamente). Además, estos retenidos presentaron bajos porcentajes 
de impurezas (11.8 y 5.8%, respectivamente), siendo, por tanto, productos con 
parámetros de riqueza comparables a los de otros prebióticos comerciales. 
o Para corroborar las diferencias en la composición entre los productos obtenidos 
a 7.5 y 24 h, se sometieron muestras  de los mismos a análisis mediante 
HPAEC-PAD/UV, HPSEC, HILIC y MALDI-TOF MS. El concentrado 
producido tras 7.5 h de hidrólisis estaba constituido principalmente  por OAGal 
parcialmente metilados con GP >10, mientras que el obtenido a la 24 h de 
hidrólisis, por OAGal parcialmente metilados con GP en el rango 2-10. Además, 
los productos mostraron grados de acetilación y metilación ligeramente 
diferentes (43.4% y 5.5% vs. 37.4% y 8.6%, respectivamente).  
o Como continuación a los trabajos previos del grupo, se obtuvieron muestras de 
POS derivadas de pulpa de naranja mediante tratamiento hidrotérmico en 
condiciones seleccionadas (Martínez y col., 2010), se purificaron mediante 
filtración con membranas y se caracterizaron. Como resultado se obtuvo un 
producto purificado con un contenido en OS del 97%, de los cuales un 25.3% 
fueron AraOS con GP entre 3-21, un 16.5% fueron GalOS con GP entre 5-12 y 
un 53.4% fueron OAGal con GP entre 2-12 y GM variable. Además, se 
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demostró la presencia de OAGal de cadena más larga. Estos valores fueron 
ligeramente inferiores cuando se empleó una membrana tipo espiral de mayor 
tamaño. 
o En el caso de los licores obtenidos por tratamiento hidrotérmico de bagazo de 
manzana, se consiguió eliminar, tras un proceso de filtración con membrana 
espiral de 1 kDa, la mayor parte de los monosacáridos, obteniéndose un 
producto con un contenido en OS del 92% y en impurezas del 2.7%. Estos 
valores comparan favorablemente con los encontrados en prebióticos 
comerciales. 
 
4. Estudio del potencial prebiótico de los productos refinados. 
o Se evaluó comparativamente la actividad prebiótica de los LPOS y SBPOS 
frente a prebióticos comerciales (FOS) y a pectinas obtenidas a partir de las 
mismas materias primas (pulpas de limón y de remolacha). Para ello, se llevaron 
a cabo ensayos de  fermentación in vitro con inóculos fecales, determinándose el 
consumo de los distintos componentes de las mezclas, la evolución de las 
poblaciones microbianas (mediante FISH), la producción de ácidos orgánicos y 
los cambios en el pH del medio. Se puede concluir que todos los grupos 
bacterianos aumentaron sus poblaciones, pero sus porcentajes sobre el número 
de células totales (DAPI) fueron variados. En concreto, los SBPOS mostraron un 
destacado efecto bifidogénico, mientras que los LPOS promovieron en particular 
el crecimiento de Lactobacillus. El contaje final de bifidobacterias más 
lactobacilos se incrementó, durante el transcurso de la fermentación, desde un 
valor inicial de 18.5 hasta 29.2%, 34% y 32% en los cultivos realizados con 
LPOS, SBPOS y FOS, respectivamente. Además, los LPOS también 
favorecieron el incremento de Roseburia intestinalis, mientras que las pectinas 
provocaron aumentos de clostridios y bacteroides. En cuanto a las producciones  
totales de AGCC, no se observaron grandes diferencias entre los experimentos 
realizados con SBPOS y LPOS, aunque estas fueron superiores a las alcanzadas 
en los cultivos con FOS y con pectinas. 
o En el caso de la determinación del potencial prebiótico del purificado de pulpa 
de naranja, todos los POS fueron metabolizados por la microbiota, aunque a 
diferentes velocidades, siendo los OAGal los más lentamente consumidos. 
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Durante la fermentación, todos los grupos bacterianos aumentaron sus 
poblaciones, pero el perfil final de la población bacteriana varió en función de la 
fuente de carbón considerada. Los POS impulsaron particularmente el 
crecimiento de bifidobacterias y lactobacilos, de tal forma que la relación entre 
ambos géneros y el número total de células se incrementó desde el 17% al 27% 
tras la fermentación. Por el contrario, el mayor incremento de bacteroides y de 
clostridios se observó en cultivos que empleaban pectina de naranja como fuente 
de carbono. Además, durante la fermentación de los POS se alcanzaron 
considerables concentraciones de AGCC (105 mM a las 48 h), siguiendo un 
perfil de concentraciones definido por la siguiente la secuencia “acetato 
>butirato >propionato”. La fermentación de FOS dio lugar a una secuencia de 
AGCC similar, mientras que la fermentación de pectina condujo a una 
producción de butirato inferior. No obstante, la cinética de generación de ácidos 
fue más lenta para los POS, sugiriendo, junto con su lenta asimilación, que 
podrían ser fermentados en partes más alejadas del colon.  
o Para finalizar, los ensayos de fermentación in vitro de los preparados de bagazo 
de manzana se llevaron a cabo usando, como inóculos, heces fecales de 
voluntarios mayores de 60 años. Las concentraciones de AGCC y ácido láctico, 
así como los contajes de bifidobacteria y lactobacilli, confirmaron las 
propiedades bifidogénicas de los productos, mientras que las poblaciones de 
bacteroides y clostridios no mostraron cambios significativos con respecto al 
control (substrato sin fuente de carbono). 
 
Conclusiones generales 
o El tratamiento hidrotérmico de subproductos agroindustriales ricos en pectinas 
como la pulpa de remolacha, el bagazo de manzana, la pulpa de limón y la pulpa 
de naranja permite conseguir altos rendimientos en oligosacáridos (31.2, 20.0, 
16.6, 12.2 kg OS/ 100 kg materia prima seca, respectivamente).  
o La aplicación de tecnologías de membrana a los licores obtenidos permite 
obtener productos con contenidos en impurezas similares o inferiores a los de 
algunos productos comerciales.  
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o Los concentrados secos obtenidos a partir de cada materia prima presentaron 
perfiles de composición distintos; las diferencias más significativas se 
encuentran entre la pulpa de limón (con un alto contenido en oligómeros ácidos) 
y la de remolacha  (rica en oligómeros neutros). Los derivados de pulpa de 
naranja y bagazo de manzana presentaron una composición intermedia (48 y 
44% de oligómeros ácidos y 41 y 46% de neutros, respectivamente).  
o De los ensayos in vitro realizados cabe destacar que los cultivos con POS 
compararon favorablemente con prebióticos comerciales (FOS). 
o De forma particular, los SBPOS presentaron un mayor poder bifidogénico 
mientras que el mayor incremento en la población de Lactobacillus tuvo lugar 
empleando POS de pulpa de naranja como substrato. Por su parte, los mejores 
resultados para otros grupos de interés evaluados, como son Eubacterium, 
Faecalibacterium y Roseburia, se obtuvieron con LPOS. En cuanto a la 
generación de AGCC, la concentración más elevada se obtuvo a 48 h usando 
POS de pulpa de remolacha (118.8 mM), mientras que apenas hubo diferencias 
entre los POS de ambos cítricos. 
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988387001; e-mail: xluis@uvigo.es)There is an increased interest on the identification, production,
purification, evaluation and commercialization of new prebi-
otics with improved properties. Partial hydrolysis of pectin by
chemical and/or enzymatic methods leads to the production
of pectin-derived oligosaccharides (POS), which have been
proposed as a new class of prebiotics. This work reviews the
scientific information available on the production, chemical
characterization, purification and properties of POS, with spe-
cial focus on their in vitro and in vivo effects.Introduction
The colonic microbiota plays an important role on the host
health. According to the International Scientific Associa-
tion for Probiotics and Prebiotics, “a dietary prebiotic is
a selectively fermented ingredient that results in specificchanges in the composition and/or activity of the gastroin-
testinal microbiota, thus conferring benefit(s) upon host
health”.
The most usual prebiotics are Non-Digestible Oligosac-
charides (NDOs), which resist digestion and reach the
colon intact. The colonic fermentation of prebiotic oligo-
saccharides results in the generation of Short Chain Fatty
Acids (SCFA), which exert a number of healthy effects, in-
cluding relief of constipation, reduction of the blood glu-
cose level, improvement of mineral absorption, regulation
of lipid metabolism, decreased incidence of colonic cancer
and modulation of the immune system. Other beneficial ef-
fects caused by prebiotics include the inhibition of patho-
genic bacteria and the “barrier effect” that limits the
number of available adhesion sites.
There is an increased interest in the identification, eval-
uation and commercialization of new products with im-
proved functional properties, for example higher ability
for modulating microbiota and for causing effects on
the distal part of the colon (where there are increased
risks of colon cancer and ulcerative colitis). Resistant
starch, xylooligosaccharides, soya oligosaccharides,
mannooligosaccharides and pectin-derived oligosaccha-
rides (POS) are representative examples of these new
products.
Pectic oligosaccharides (POS) have been proposed as
a new class of prebiotics capable of exerting a number of
health-promoting effects (Hotchkiss et al., 2004), incl-
uding:
 Protection of colonic cells against Shiga toxins (Olano-
Martin, Williams, Gibson, & Rastall, 2003).
 Prevention of the adhesion of uropathogenic microor-
ganisms (Guggenbichler, Bettignies-Dutz, Meissner,
Schellmoser, & Jurenitsch, 1997).
 Stimulation of apoptosis of human colonic adenocarci-
noma cells (Olano-Martin, Rimbach, Gibson, &
Rastall, 2003).
 In vivo synergistic empowerment of immunomodulation
caused by galactooligosaccharides (GalOS) and fructoo-
ligosaccharides (FOS) (Vos et al., 2007).
 Potential for cardiovascular protection in vivo (Li et al.,
2010), reduction of damage by heavy metals, anti-
obesity effects, dermatological applications and anti-
toxic, antiinfection, antibacterial and antioxidant
properties.
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that acidic POS are not cytotoxic or mutagenic, being suit-
able for use in foods for children and babies (Garthoff et al.,
2010).
This work provides an updated overview on the scien-
tific information concerning the production, chemical char-
acterization and properties of POS. Their in vitro and
in vivo effects are also discussed.
Pectins as sources of POS
POS are obtained by pectin depolymerization. Pectins
are ramified heteropolymers made up of a linear backbone
of a(1e4)-linked D-galacturonic acid (GalA) units (which
can be randomly acetylated and/or methylated). These lin-
ear structures make part of the “smooth region” of pectins,
which is occasionally interrupted by “hairy regions” char-
acterized by ramifications made up of neutral sugars.
Fig. 1 shows a simplified structure of pectins, which are
made up of the following major components:
 Homogalacturonan (HG), a polymer formed by GalA
units, containing free or esterified carboxyl groups,
which can be partly substituted by sugars.
 Rhamnogalacturonan type I (RG-I), a polymer made up
of alternate units of rhamnose (Rha) and GalA ramified
principally with arabinan, galactan and arabinogalactan.
 Rhamnogalacturonan type II (RG-II), a polymer of GalA
with a complex ramification pattern.
Table 1 lists the pectin contents of typical feedstocks,
among which the most important are citrus peels and apple
pulp. Other substrates (such as sugar beet pulp, peels of
mango or peach and pumpkin pulp) also have high pectin
contents.
HG from different raw materials may present significant
structural differences, which are influential on their proper-
ties and applications. For example, the HG chains in sugar
beet pectin are shorter than the ones of citrus and apple,
whereas RG-I is more abundant in sugar beet pulp than
in citrus peel or apple pulp. Pectins from spinach and sugar
beet contain significant amounts of esterified ferulic acid,
a favourable feature for multifunctional effects based on
antioxidant activity.
Industrial manufacture of pectins
Pectin is commercially produced by extraction of the na-
tive feedstock with acidic solutions and further alcohol pre-
cipitation. Commercial pectins are usually classified
according to their methylation degree, as it is considered
as the most influential factor on the physicochemical prop-
erties (Sila et al., 2009).
Applications of pectins
Pectins are food ingredients widely used as thickeners or
as gelling and stabilizing agents. Pectin from industrial
sugar beet processing shows limited gelling ability and isprincipally employed as an emulsifier (Funami et al.,
2011). Other applications of pectins include the formula-
tion of pharmaceutical products for treating gastrointestinal
disorders, diabetes, high blood pressure or high blood cho-
lesterol (Matsumoto et al., 2008). Pectin derivatives have
also been employed in vaccine manufacture (Szu,
Bystricky, Hinojosa-Ahumada, Egan, & Robbins, 1994).
Production, purification and fractionation of POS
In this work, the acronym POS is employed in a generic
way to denotate the various types of oligomers (substituted
or non-substituted) obtained by pectin depolymerization.
According to this idea, POS includes oligogalacturonides
(OGalA), galactooligosaccharides (GalOS), arabinooligo-
saccharides (AraOS), rhamnogalacturonoligosaccharides
(RhaGalAOS), xylooligogalacturonides (XylOGalA) and
arabinogalactooligosaccharides (AraGalOS).
POS production
POS can be obtained by depolymerization of suitable
raw materials or purified pectins by partial enzymatic hy-
drolysis (Combo, Aguedo, Goffin, Wathelet, & Paquot,
2012; Concha & Zu~niga, 2012; Mandalari et al., 2006;
Martınez, Gullon, Ya~nez, Alonso, & Parajo, 2009), acid hy-
drolysis (Grohmann, Cameron, & Buslig, 1995), hydrother-
mal processing (Martınez, Gullon, Ya~nez, Alonso, &
Parajo, 2010), dynamic high-pressure microfluidization
(Chen et al., 2013) or photochemical reaction in media con-
taining TiO2 (Burana-Osot, Soonthornchareonnon,
Hosoyama, Linhardt, & Toida, 2010).
Chemical methods
The partial breakdown of the various pectin fractions
(HG, RGI, RGII and side chains) can be achieved by pro-
cessing with externally added acids or by aqueous process-
ing (hydrothermal treatments). In both cases, hydronium
ions (from externally added acids, in situ generated acids
or water autoionization) are the catalytic species.
a) Processing with externally added acids
The information reported on this topic is scarce.
Manderson et al. (2005) hydrolyzed orange albedo with
HNO3 solutions, whereas Coenen, Kabel, Schols, and
Voragen (2008) treated apple pulp with solutions contain-
ing HCl and TFA to obtain a complex mixture of saccha-
rides. Renard, Lahaye, Mutter, Voragen, and Thibault
(1997) obtained a product rich in RhaGalAOS from dees-
terified beet pulp using HCl solutions. The same approach
has been employed to obtain products with Mw in the range
15400e19800 (Hellın, Ralet, Bonnin, & Thibault, 2005).
b) Hydrothermal treatments
POS were obtained by aqueous processing of sugar beet
pulp and orange peels at yields of 29.7 and 24 g POS/100 g,
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Fig. 1. Simplified structure of pectin.
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2009; Martınez, Ya~nez, Alonso & Parajo, 2010). OGalA
with DP in the range 4e6 (Quemener, Desire, Debrauwer,
& Rathahao, 2003) or below 10 (Miyazawa & Funazukuri,
2004; Miyazawa, Ohtsu, & Funakuzury, 2008) have been
obtained from polygalacturonic acid (PGA).
Enzymatic methods
The enzymatic breakdown of pectin chains involves re-
actions of hydrolysis (catalyzed by hydrolases) or b-elimi-
nation (catalyzed by lyases). PGA depolymerization by
endopolygalacturonases yielded oligogalacturonides ofTable 1. Pectin contents of selected feedstocks.
Source Content
(% wt)
Reference
Orange peel 30 El-Nawawi & Shehata, 1987
Lemon nuggets 6 Navarro & Navarro, 1985
Lemon peel 32 Navarro & Navarro, 1985
Lemon pulp 25 Navarro & Navarro, 1985
Apple pulp 20.9 Canteri-Schemin, Fertonani,
Waszczynskyj, & Wosiacki, 2005
Sugar beet pulp 16.2 Yapo, Robert, et al., 2007
Peach 18 Pagan, Ibarz, Llorca, Pagan,
& Barbosa-Canovas, 2001
Mango 21 Rehman, Salariya, Habib, &
Shah, 2004
Pumpkin 22 Ptichkina, Markina, &
Rumyantseva, 2008DP < 7 (Coenen et al., 2008; Combo et al., 2012). Related
studies have been performed with sodium pectate, citrus
pectin (Iwasaki & Matsubara, 2000) and ginseng pectin
(Yu et al., 2010). Processing high methoxyl pectins
(HMP) or low methoxyl pectins (LMP) with endopolyga-
lacturonases resulted in 95% conversion into POS (Olano-
Martin, Mountzouris, Gibson, & Rastall, 2001); and low-
DP OGalA were obtained from PGA by treatments with
pectin-lyase (Delattre, Michaud, & Vijayalakshmi, 2008)
or pectate-lyase (Hotchkiss, Hicks, Doner, & Irwin,
1991). Rhamnogalacturonoligosaccharides have been pro-
duced using rhamnogalacturonan-hydrolase (Coenen
et al., 2008); whereas mixtures of activities (pectin-methyl-
esterase, rhamnogalacturonase, galactanase and arabinase)
have been applied to pectins from apple and sugar beet to
produce low-DP rhamnooligosaccharides (RhaOS)
substituted with arabinosyl residues (Bonnin, Dolo, Le
Goff, & Thibault, 2002). Mixtures of up to 4 types of en-
zymes (pectin-methyl esterases, endopolygalacturonases,
endoarabinases and endogalactases) were employed to ob-
tain hydrolysis products with DP up to 18, with predomi-
nance of low molecular weight OGalA (Ralet et al.,
2005; Ralet, Crepeau & Bonnin, 2008). Holck, Hjernø,
et al. (2011) proposed a two-step process for producing
OGalA and RhaOS in separate streams from sugar beet
pulp pectin, whereas one-step production of POS has
been reported from bergamot peel (Mandalari et al.,
2007), sugar beet pulp (Martınez, Gullon, Ya~nez, et al.,
156 B. Gullon et al. / Trends in Food Science & Technology 30 (2013) 153e1612009) or orange pulp (Martınez, Ya~nez, Alonso, & Parajo,
2012).
Combined methods
This approach is based on consecutive steps of pretreat-
ment and hydrolysis. Zykwinska et al. (2008) employed
a number of byproducts from the food industry to obtain
pectin and POS using processing schemes involving etha-
nol extraction and further enzymatic processing. Al-
Tamimi, Palframan, Cooper, Gibson, and Rastall (2006)
obtained AraOS with DP in the range 2e8 by enzymatic
hydrolysis of sugar beet arabinan. Acidic processing fol-
lowed by enzymatic hydrolysis (Garna, Mabon, Wathelet,
& Paquot, 2004; Renard, Thibault, Mutter, Schols, &
Voragen, 1995), or pretreatments with water, oxalate and
alkali (Yapo, Robert, Etienne, Wathelet, & Paquot, 2007)
have been used for the same purpose. Seveno et al.
(2009) obtained a complex mixture of oligomers from Ara-
bidopsis mutant by consecutive stages of ethanol extraction,
NaOH saponification, enzymatic processing and TFA
hydrolysis.
Purification and fractionation of POS
POS purification
The liquid media from POS production may contain
contaminants that should be removed before utilization as
food ingredients. Holck, Hjernø, et al. (2011) employed
a regenerated cellulose membrane of 3 kDa Molecular
Weight Cut Off (MWCO) for this purpose, whereas
Iwasaki and Matsubara (2000) purified oligomers obtained
from citrus pulp pectin using a 50 kDa MWCO membrane
to retain the high MW compounds, and processed the re-
sulting filtrate through a 15 kDa MWCO membrane to
wash out monosaccharides and saccharose.
POS fractionation
POS fractionation intends the separation of a scope of
products with different properties (for example, charge,
molecular weight, and substitution pattern), which deter-
mine their potential applications. The most usual fraction-
ation technologies are Ion Exchange Chromatography and
Gel Filtration (GF) Chromatography. Renard et al. (1997)
employed ion exchange columns for separating neutral
from charged oligomers, whereas Ralet et al. (2005) em-
ployed DEAE-Sepharose to fractionate OGalA mixtures ac-
cording their Mw and charge. In another work, unsaturated
and saturated pectic oligogalacturonides were separated by
Guillaumie et al. (2006) using the resin Source 15Q.
The fractionation of oligomers has been successfully
achieved using GF (Yu et al., 2010). Van Laere,
Hartemink, Bosveld, Schols, and Voragen (2000) employed
Bio-Gel P2 for the separation of AraGalOS and AraOS with
DP up to 9 and 5, respectively; whereas Yu et al. (2010) ob-
tained five purified POS fractions by eluting hydrolyzates
through three columns in series containing Sephadex
G-25, Sephadex G-75 and Sepharose CL-6B.POS characterization
The structural characterization of POS is difficult due to
the complex chemical composition of pectins, and to the
possible chemical alteration during POS manufacture. Us-
ing HPAEC-PAD, Al-Tamimi et al. (2006) identified AraOS
with DP 2e8. Chromatographic fractionation (Chang, Hsu,
& Chen, 2010; Ralet et al., 2005; 2008; Yapo, Lerouge,
Thibault, & Ralet, 2007) has been employed as a refining
step before chromatographic analysis. Complex mixtures
may require additional pre-processing, for example by GF
(Kurita, Fujiwara, & Yamazaki, 2008; Ralet et al., 2005;
Yapo, Lerouge, et al., 2007). The identification and quanti-
tation of the POS structural units may require a combination
of separation and/or hydrolysis techniques together with
specific analytical methods. In this field, Matrix-Assisted
Laser Desorption Ionization e MS (Guillaumie et al.,
2006; Holck, Hjernø, et al. (2011)) and Electrospray Ioniza-
tion e MS (Ralet et al., 2005) present advantages derived
from their high sensibility and ability to handle complex
POS mixtures. NMR has been employed in the character-
ization of OGalA (Ralet, Lerouge, & Quemener, 2009)
and rhamnogalacturonan oligomers (Colquhoun, de
Ruiter, Schols, & Voragen, 1990; Renard et al., 1997). Fluo-
rescent labelling of OGalA and RhaGalAOS was used by
Ishii, Ichita, Matsue, Ono, and Maeda (2002) before
NMR and ESI-MS identification. The composition of com-
plex oligomer mixtures has also been assessed by CE eMS
(Coenen et al., 2008) and CE with UV detection (Str€om &
Williams, 2004).
Prebiotic potential of POS
The prebiotic effects of POS depend on their chemical
and physicochemical features. To assess the prebiotic activ-
ity of a given prebiotic candidate, the assimilation kinetics,
the distribution of metabolic products and the effects
caused on bacterial populations are key aspects to be con-
sidered. Table 2 summarizes the biological and prebiotic ef-
fects of POS observed in in vivo and in vitro studies.
In vitro fermentation of POS by individual strains
VanLaere et al. (2000) studied the fermentation of various
oligosaccharides (including AraGalOS, AraOS, OGalA, and
RhaGalAOS) by selected bacterial strains. RhaGalAOSwere
selectively fermented only by Bacteroides spp; whereas
Clostridium spp. (which were able to fermentmost substrates
in some extent) showed little affinity for this type of com-
pounds. AraGalOS and AraOS (but not RhaGalAOS or
OGalA) were utilized by Bifidobacterium.
The influence of the degree of methylation (DM) on the
in vitro fermentability of POS by individual bacteria has
been assessed (Olano-Martin, Gibson, & Rastall, 2002). Bi-
fidobacterium angulatum, B. infantis and Bifidobacterium
adolescentis were able to utilize POS, particularly low
methylated substrates.
Most Bifidobacterium were able to utilize a POS-rich ex-
tract of DP 3e7 obtained from bergamot peel, which
Table 2. Biological and prebiotic effects of POS observed in in vivo and in vitro assays.
Product Assay Biological and prebiotic effects References
POS from high
methylated citrus pectin
POS from low
methylated apple pectin
In vitro Ability to interfere with the
toxicity of Shiga-like toxins
from Escherichia coli O157:H7
Olano-Martin, Willians, et al., 2003
POS from carrots In vitro Ability to block bacterial
adherence of E. coli to
uroepithelial cells
Guggenbichler et al., 1997
POS In vitro Stimulation of apoptosis
of human colonic
adenocarcinoma cells
Olano-Martin, Rimbach, et al., 2003
GalOS and FOS with
or without POS
In vivo Decreased parameters
of allergic asthma
Vos et al., 2007
POS from haw pectin In vivo Decreased serum levels
of total cholesterol and
triglycerides Inhibited
accumulation of body fat
Li et al., 2010
AraGalOS from soy
arabinogalactan AraOS from sugar beet
arabinan OGalA from polygalacturonic
acid RhaGalAOS from apple
rhamnogalacturonan
In vitro Assimilation by
Bacteroides spp.
Assimilation by
Bifidobacterium spp.
Van Laere et al., 2000
POS from high methylated
citrus pectin
POS from low methylated
apple pectin
In vitro Bifidobacterium
angulatum, B. infantis
and B. adolescentis were
able to utilize POS,
particularly low methylated
substrates
Olano Martın et al., 2002
POS form bergamot peel In vitro Increase in the number
of bifidobacteria and
lactobacilli and decrease
of the clostridial population
Mandalari et al., 2007
AraOS from apple pectin In vitro Selectively utilized by
Bifidobacterium adolescentis,
B. longum and Bacteroides
vulgatus suggesting that the
beneficial effects of apple
ingestion are partly due to
apple pectin
Suzuki et al., 2004
POS from sugar beet and
Valencia oranges
In vitro Increased bifidobacteria and
lactobacilli and generation
of acetate, butyrate and
propionate in the media
Hotchkiss et al., 2004, 2007
AraOS from sugar beet pulp In vitro Stimulation of bifidobacteria
growth, with effects depending
on molecular weight
Bacteroides numbers varied
depending on the substrate
Clostridia decreased on all
substrates
Al-Tamimi et al., 2006
POS from orange peel In vitro Increase bifidobacteria and
Eubacterium rectale numbers
with coupled increases of
butyrate concentrations
Manderson et al., 2005
AraOS from sugar beet pulp
(with or without feruloyl
substituents, DP 2e14)
In vitro Selective stimulation of
bifidobacteria by feruloylated
and nonferuloylated long-chain
AraOS Non-stimulated growth
of Clostridium difficile
Holck, Lorentzen, et al., 2011
POS from sugar beet pectin In vitro Different effects of DP4 and
DP5 oligos on the ratio between
Bacteroidetes and Firmicutes,
indicating that slight differences
in structures may result in
different biological properties
Holck, Hjernø, et al. 2011
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Table 2 (continued )
Product Assay Biological and prebiotic effects References
POS mixture from apple
pomace
In vitro Increased populations of
bifidobacteria and lactobacilli
and decreased populations of
bacteroides and clostridia
Increased concentrations of
short chain fatty acids
Gullon et al., 2011
POS from apple pectin In vitro Increased numbers of bifidobacteria
and lactobacilli (in higher extent
than pectin)
Increased concentrations of acetic,
lactic, and propionic acid (in higher
extent than pectin)
Decreased numbers of numbers
of bacteroides and clostridia (the
parent pectin showed the opposite
effect)
Chen et al., 2013
Mixtures of POS, GalOS
and FOS
In vivo Increased counts of bifidobacteria
and lactobacilli
Fanaro et al., 2005
Mixtures of POS, GalOS
and FOS
In vivo Increased numbers of bifidobacteria
Increased proportions of bifidobacteria
in the mixture GalOS/FOS/POS
respect to the mixture GalOS/FOS
Decreased proportions of Bacteroides
and Clostridium coccoides
Magne et al., 2008
Mixtures of POS, GalOS
and FOS
In vivo Trend towards a lower incidence of
serious endogenous infection and
serious infectious episodes
Westerbeek et al., 2010
Mixtures of POS, GalOS
and FOS
In vivo Stimulation of bifidobacteria growth
in HIV-infected individuals
Reduction in fecal pathogenic load
in HIV-infected individuals
Gori et al., 2011
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(Mandalari et al., 2007). Suzuki, Tanaka, Amano, Asakura,
and Muramatsu (2004) assessed the in vitro fermentation of
apple-derived arabinooligosaccharides by Bifidobacterium
longum and Bacteroides vulgatus, which were able to uti-
lize compounds with DP > 3 selectively, providing a possi-
ble explanation of the beneficial effects derived from apple
ingestion. Olano-Martin et al. (2002) studied the in vitro
fermentation properties of pectins and POS by human gut
bacteria using fecal cultures, and reported a negative influ-
ence of the degree of esterification (DE) on cell growth, and
increased digestibility of POS respect to pectins.
In vitro fermentation of POS and pectins by fecal
inocula
Intestinal fermentation can be affected by synergistic, an-
tagonistic and/or competitive effects, since complex meta-
bolic processes are carried out by different groups of
bacteria, in a way that the metabolic products generated by
a given group can be assimilated by others which cannot
use the original substrate directly (Gibson & Roberfroid,
1995). In vitro and in vivo studies established the colonic fer-
mentation patterns of pectinswith different structures, as well
as their effects onmetabolismand health (Gullon et al., 2009).
Hotchkiss et al. (2004) considered the in vitro ferment-
ability of HM oligosaccharides from citrus and LMcompounds from apple and orange peel using mixed fecal
batch cultures, and concluded that all the substrates en-
hanced the growth of bifidobacteria and lactobacilli, while
the proliferation of pathogens was limited. In a related
work, Hotchkiss et al. (2007) used POS from Valencia or-
anges as a fermentation substrate in experiments with hu-
man fecal inocula, and reported increased bifidobacteria
counts and generation of acetate, butyrate and propionate
in the media. Sugar beet pulp arabinan and eight AraOS
fractions were assayed by Al-Tamimi et al. (2006) as car-
bon sources in experiments with human gut bacteria. Dif-
ferent fermentation patterns (resulting in different
microbial populations and metabolite concentration pro-
files) were observed for AraOS of different MW: low-
MW oligosaccharides were more selective for Bifidobacte-
rium than arabinan or high MW fractions, whereas the
SCFA molar ratios were in agreement with data published
for other arabinose-containing substrates (Fardet, Guillon,
Hoebler, & Barry, 1996).
The fermentation of POS from orange peel by mixed fe-
cal bacterial cultures has been reported to result mainly in
the production of acetic and butyric acids, and in increased
numbers of bifidobacteria and Eubacterium rectale
(Manderson et al., 2005). Fermentation of a POS-rich ex-
tract from bergamot peel with fecal inocula resulted in in-
creased counts of bifidobacteria, lactobacilli and eubacteria,
159B. Gullon et al. / Trends in Food Science & Technology 30 (2013) 153e161together with decreased clostridial population. Recently,
arabinooligosaccharides from sugar beet pulp (with or
without feruloyl substituents, DP 2e14) were assayed
in vitro for fermentability using human fecal inocula
(Holck, Lorentzen, et al., 2011). The oligomer size was
more influential on the selective bacterial stimulation
than the degree of substitution by feruloyl groups. An
assessment of the effects caused by HG-derived POS of
DP 4e5 on the relative proportions of the dominant bacte-
rial phyla in the human intestine (measured by the Bacter-
oidetes/Firmicutes ratio) showed that compounds with just
slightly different structures may cause significantly differ-
ent biological effects (Holck, Hjernø, et al. (2011)). The
fermentation of a refined POS mixture from apple pomace
with human faeces (Gullon, Gullon, Sanz, Alonso, &
Parajo, 2011) resulted in increased populations of Bifido-
bacterium, Clostridium coccoides, Eubacterium rectale
and Bacteroides-Prevotella. These latter produce propio-
nate, a compound to which healthy effects have been as-
cribed, including ability for decreasing the hepatic
synthesis of cholesterol (Amaral, Morgan, Stephen, &
Whiting, 1992) and modifying the glucose metabolism,
limiting the postprandial and insuline responses (Leclere
et al., 1994). In a related study, POS from apple pomace
have been reported to increase the number of bifidobacteria
and lactobacilli, while decreasing the counts of Bacteroides
and clostridia (an effect not observed when pectin was used
as a fermentation substrate) (Chen et al., 2013).
Experimental data obtained with humans
Limited information exists on experimental studies as-
sessing the prebiotic effects caused by POS in humans.
The administration of acidic POS as a component of infant
formulae resulted in increased counts of bifidobacteria and
lactobacilli (Fanaro et al., 2005; Magne et al., 2008). En-
teral delivery of neutral and acidic oligosaccharides to pre-
term infants did not reduce the risk of serious infectious
morbidity significantly, but the results showed a trend to-
wards a lower incidence, especially for infections with en-
dogenous bacteria (Westerbeek et al., 2010). Ingestion of
a mixture of prebiotic oligosaccharides (containing short
chain galactooligosaccharides, long chain fructooligosac-
charides and acidic pectic oligosaccharides) by volunteers
in the earlier stages of HIV-1 infection resulted in the mod-
ulation of the gut microbiota by increasing the bifidobacte-
ria numbers and by decreasing the counts of pathogens
belonging to the Clostridium lituseburense/Clostridium his-
tolyticum group (Gori et al., 2011).
Conclusions and future trends
The identification, production and commercialization of
new prebiotics with enhanced properties offer new research
and business opportunities. Among them, pectin-derived ol-
igosaccharides may play a significant role, owing to their
putative prebiotic activity and to their ability to exert a num-
ber of other healthy effects. There are sound scientificevidences of the biological activity of POS, but new techni-
cal and scientific information is needed before industrial
development. Particularly, cost-effective processes for the
manufacture of purified POS with tailored structure have
to be developed on the basis of new knowledge about reac-
tion and separation technologies, and reliable data informa-
tion on the structure-function interrelationships is needed.
For this purpose, in vitro studies performed with target
products of different purity, structure and MW (for exam-
ple, using an artificial colon) could provide key information
on the kinetics of substrate assimilation in the various colon
sections and on the major metabolic products, narrowing
the experimental focus for additional in vivo assays, which
are needed to confirm the resulting health benefits.Acknowledgements
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4200-072 Porto, Portugal
ABSTRACT: Lemon peel wastes were extracted with water to remove free sugars and other soluble compounds, and the
insoluble solid was employed as a substrate for the manufacture of pectin-derived oligosaccharides by processing with hot,
compressed water. When water-extracted lemon peel wastes were treated with water at 160 °C, the oligomer concentration
reached the maximum value (31 g/L). Autohydrolysis liquors were subjected to two membrane ﬁltration stages (diaﬁltration
followed by concentration), yielding a reﬁned product containing about 98 wt % of oligomers at a global yield of 14 kg/100 kg
oven-dry lemon peel. The concentrate contained oligogalacturonides (with DP in the range of 2−18) and
arabinooligosaccharides (with DP in the range of 2−8).
KEYWORDS: lemon peel wastes, prebiotics, oligogalacturonides, arabinooligosaccharides, hydrothermal treatment, membrane ﬁltration
■ INTRODUCTION
The worldwide production of citrus is around 105 million
metric tons/year.1 Spain is a major producer of citrus fruits: in
the case of lemons (Citrus limon), more than 558000 tons were
produced in 2009.2 Huge amounts of lemon peel wastes (here
denoted LPW, which includes peels, seeds, and pulps) are
produced in the lemon juice industries, representing about 50
wt % of the raw processed fruit.3 Nowadays, there is increasing
interest in the integral exploitation of agroindustrial wastes,4
and the use of plant cell wall polysaccharides as sources of novel
high value-added oligosaccharides has received special
attention.5
Because of its high pectin content, LPW is a valuable
feedstock for the food industry, where pectin is commonly used
as a gelling, thickening, and/or stabilizing agent.6 Three
structural polymers can be found in pectins: homogalacturonan
(HG), rhamnogalacturonan I (RGI), and rhamnogalacturonan
II (RGII). HG consists of a backbone of D-galacturonic acid
residues, many of which are esteriﬁed with methyl groups and/
or acetylated. The RGI backbone consists of repeating
disaccharides made up of rhamnose and galacturonic acid.7 In
many cases, rhamnosyl residues present neutral sugar side
chains such as arabinan, galactan, and/or arabinogalactan. The
RGII sequence is composed of a main chain similar to HG
associated with a variety of diﬀerent and complexes
oligosaccharide side chains. This polymer is one of the major
plant cell wall components, and probably the most complex
macromolecule in nature,8 and can be employed as a starting
material for the manufacture of galacturonic acid. This
compound and its derivates can be used in the food industry
as acidic agents, in the chemical industry as washing powder
agents or as nonionic or anionic biodegradable surfactants, and
in the pharmaceutical industry in the production of vitamin
C.9,10
Alternatively, pectin can be employed as a source of
nondigestible pectic oligosaccharides (POS), including oligo-
galacturonides (OGalA) and arabinooligosaccharides (AraOS),
which have been proposed as a new class of prebiotics capable
of exerting a number of health-promoting eﬀects.11 According
to Gibson and Roberfroid,12 prebiotics are nondigestible food
ingredients that beneﬁcially aﬀect the host by selectively
stimulating the growth and/or activity of one or a limited
number of bacteria in the colon (mainly Biﬁdobacterium sp. and
Lactobacillus sp.), resulting in improved host health. Non-
digestible oligosaccharides are well-known prebiotics. Although
prebiotic oligosaccharides (including inulin, fructooligosacchar-
ides (FOS), galactooligosaccharides (GalOS), and lactulose)
are commercially available, the interest of consumers in healthy
foods has boosted the interest in producing new prebiotic
oligosaccharides with improved properties from readily
available, renewable carbohydrate sources. The prebiotic
potential of POS based on their ability to selectively increase
the populations of beneﬁcial bacteria (such as Bif idobacterium
and Eubacterium rectale) in the human gastrointestinal tract, as
well as on the intestinal production of short-chain fatty acids
(SCFA, including acetic acid, propionic acid, and butyric acid)
and lactic acid, has been reported in several papers.13−15.
Additional functionalities and biological properties have been
associated with pectin-derived oligosaccharides.16 In particular,
oligogalacturonides were reported to be involved in regulation
mechanisms in various processes related to growing, develop-
ment, ripening, and organogenesis of plants.17 The best
biological responses were observed for OGalA with DP in the
range of 10−16.5
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To obtain POS mixtures, the pectin polymeric chains can be
partially hydrolyzed by treatments with hot compressed water
to give soluble products. The reaction is catalyzed by
hydronium ions from water ionization and from in situ
generated acids.18 This approach has been successfully
employed in previous works dealing with raw materials such
as sugar beet pulp19 or orange peel wastes.20 Some of the
advantages of this operational mode are (a) its environmentally
friendly character (water and feedstock are the only reagents);
(b) the avoidance of corrosion problems, because no mineral
acid is added to the reaction media; (c) the ability to generate
oligosaccharides in a single stage at satisfactory yields; (d) its
speed, it being a faster reaction than enzymatic hydrolysis; and
(e) the coproduction of spent solids enriched in cellulose
suitable for further utilization.
As the aqueous hydrolysis of pectins is not selective, the
resulting reaction liquors must be reﬁned to obtain food grade
saccharides. For this purpose, membrane processing has been
examined in several studies,21−23 owing to its ability to cause
puriﬁcation, fractionation, and/or concentration eﬀects. In
particular, diaﬁltration shows a great potential for applications
in foods, beverages, biotechnological processes, or pharmaceut-
ical industries.
The structure and composition of POS can aﬀect their
biological functionality, and a detailed chemical characterization
is necessary to assess the structure−function interrelationships.
Studies have reported the use of low-pressure anion exchange
chromatography24,25 and/or size exclusion chromatography26,27
as separation stages prior to the application of high-perform-
ance anionic exchange chromatography with pulsed ampero-
metric detection (HPAEC-PAD) and/or mass spectrometry
techniques.
This work deals with the manufacture of a reﬁned POS-rich
concentrate from LPW by nonisothermal aqueous processing
and further puriﬁcation. The ﬁnal product was analyzed by low-
pressure anion exchange chromatography and HPAEC-PAD to
assess the hydrolysis pattern of lemon pectin during the
autohydrolysis stage.
■ MATERIALS AND METHODS
Raw Material. LPW samples, kindly supplied by Indulleida S.A.
(Lleida, Spain), were milled to a particle size below 3 mm,
homogenized manually for 5 min to avoid compositional diﬀerences
among aliquots, and frozen until use. Aliquots from the stored samples
were subjected to moisture determination according to method ISO
638.
Aqueous Extraction of Lemon Peel Wastes. LPW samples
were washed with distilled water (using 10 g of water/g of oven-dry
LPW) for 15 min at room temperature in a stirred tank, and the
soluble material was separated by centrifugation. Two additional
washing stages were then performed using 2 g of water/g of oven-dry
LPW. The liquid phases were assayed for dry weight by oven-drying at
60 °C, and their sugar contents were measured using two methods: an
enzymatic kit (Boehringer Mannheim, R-Biopharm) for the
determination of sucrose, D-glucose, and D-fructose and high-pressure
liquid chromatography (HPLC) using an 1100 series Hewlett-Packard
chromatograph ﬁtted with a refractive index detector and a Bio-Rad
Aminex HPX- 87H column eluted 0.003 M H2SO4 at 50 °C (ﬂow rate
= 0.6 mL/min) for the determination of galactose + xylose and
arabinose. In addition, the presence of galacturonic acid, oligogalactur-
onides, and polygalacturonic acid was assessed according to the
methods described below. The resulting solid phase (solids from
hydrothermal treatment, denoted SHT) was subjected to processing
with hot compressed water.
Autohydrolysis Processing of SHT. LPW samples (76.9 g oven-
dry basis) were reacted in aqueous media was using a 3.75 L stainless
steel Parr reactor, at a liquid to solid ratio (LSR) of 12 kg of water/kg
of dry SHT. The reactor was stirred at 150 rpm and heated to the
desired temperature (in the range of 150−180 °C). When the target
temperature was attained, the reactor was rapidly cooled, and the
liquid and solid phases were recovered by centrifugation, quantiﬁed,
and analyzed. To facilitate the comparisons between diﬀerent reaction
conditions, the combined eﬀects of time and temperature caused by
the nonisothermal treatments were measured in terms of the severity
factor (R0), deﬁned as
∫= −R te dt T t T w0
0
[ ( ) / ]ref
(1)
where t is the time needed for achieving the desired temperature, T(t),
Tref is the reference temperature (100 °C), and w is an empirical
parameter related to the energy of activation of the reaction (for which
a value of 14.75 is generally assumed).20
Puriﬁcation of Pectin-Derived Oligosaccharides. Liquid
samples from the hydrothermal treatment performed at 160 °C
(corresponding to severity factor of 326 min, which led to high yields
of oligogalacturonides and arabinooligosaccharides and low propor-
tions of undesired degradation products) were puriﬁed by diaﬁltration
and concentration, following the scheme shown in Figure 1. The
reaction liquor (50 mL) was mixed with 250 mL of distilled water, and
the resulting solution was processed in an Amicon stirred cell (model
8400, Millipore) equipped with a regenerated cellulose membrane
(Millipore, 1 kDa molecular weight cutoﬀ, 41.8 cm2 eﬀective area,
catalog code PLA07610). Pressure was provided by a compressed
nitrogen gas cylinder and controlled by a regulator to keep an
operating pressure of 3 bar. Dialﬁltration enabled the separation of two
streams: retentate (stream B, 50 mL) and permeate (stream C, 250
mL). This process was repeated six times to collect the desired volume
of diaﬁltered liquors, which were subjected to dead-end ﬁltration at 3
bar to achieve a volume concentration ratio (VCR) between
concentrate and feed of 3.53. Streams B and D were assayed for
composition as described below.
Low-Pressure Anion Exchange Chromatography. An aqueous
solution of the reﬁned product (V = 10.5 mL, product concentration =
Figure 1. Scheme of the process employed in this work.
Journal of Agricultural and Food Chemistry Article
dx.doi.org/10.1021/jf402559p | J. Agric. Food Chem. 2013, 61, 10043−1005310044
5 g/L) was loaded into the column (30 × 2.6 cm) containing DEAE-
Sepharose CL 6B pre-equilibrated with distilled water, and the column
was eluted sequentially at 1 mL/min with distilled water and a NaCl
stepwise gradient established in preliminary assays (0.07, 0.14, 0.2, 0.3,
and 0.5 M) for diﬀerent time intervals in each step (720, 450, 450, 540,
306, and 306 min, respectively). Samples of the eluate (9 mL) were
collected in tubes and assayed for uronic acid content. Then, six pools
were prepared by mixture of selected samples. NaCl-containing
samples were desalted and concentrated using an Amicon 8400
nanoﬁltration disk membrane (300 Da molecular weight cutoﬀ) before
analysis.
Analysis of the SHT and Spent Solids from Autohydrolysis.
Samples of SHT and spent solids from hydrothermal processing were
dried at 50 °C, milled to a particle size below 0.5 mm, and subjected to
quantitative acid hydrolysis with 72% sulfuric acid at 30 °C to break
down the polysaccharides into oligomers, followed by a second step
with 4% sulfuric acid at 121 °C to convert the oligomers into
monomers (according to the TAPPI T13m method). The resulting
liquid phases were assayed for rhamnose, arabinose, galactose, glucose,
and xylose by HPAEC-PAD, using a Dionex (Sunnyvale, CA, USA)
instrument equipped with a CarboPac PA-1 (4 mm × 250 mm) in
combination with a CarboPac PA-1 guard column (4 mm × 50 mm)
maintained at 30 °C. The mobile phases were degassed with helium.
The gradient employed, prepared from three eluents (eluent A =
deionized water; eluent B = 200 mM sodium hydroxide; and eluent C
= 2 M sodium acetate in 200 mM sodium hydroxide) was as follows:
0−25 min at 88% A and 12% B; 25−30 min, from 88 to 50% A and
from 12 to 50% B; 30−35 min, from 50 to 47.5% B and from 2.5% C;
35−40 min, from 47.5 to 45.5% B and from 2.5 to 4.5% C; 40−60
min, from 45.5 to 43.5% B and from 4.5 to 6.5% C; 60−65 min, from
43.5 to 24% B and from 6.5 to 26% C; and 65−95 min, from 26 to
50% C and 50% A. Acetic acid was quantiﬁed by HPLC using the same
method cited above. For simplicity, the results are reported as
rhamnosyl substituents, arabinan, galactan, glucan, xylan, and acetyl
substituents, taking into account that some of these monosaccharides
can be generated from various polysaccharides. The oven-dry weight of
the solid phase from the quantitative acid hydrolysis is referred to as
the acid insoluble residue. Uronic acids were determined according to
the method of Blumenkrantz and Asboe-Hansen.28 Additionally, the
pectin and galacturonic acid contents of SHT were determined
according to the method of Hwang et al.29 Moisture and ash were
measured according to methods ISO 638:1938 and T-244-om-93,
respectively. Elemental nitrogen was determined with a Thermo Fisher
Quest Flash EA 1112 analyzer, using 130 and 100 mL/min He and O2
and an oven temperature of 50 °C. Protein was calculated from the
nitrogen content (assuming the factor 6.25 g protein/g nitrogen). All
determinations were made in triplicate.
Analysis of Autohydrolysis Liquors, Reﬁned Liquors, and
Pools from Fractionation. Samples of reaction liquors and from
membrane treatments were centrifuged, ﬁltered through 0.45 μm
membranes, and assayed for monosaccharides by using the HPAEC-
PAD method explained above. Galacturonic acid, formic acid, acetic
acid, hydroxymethylfurfural (HMF), and furfural were quantiﬁed by
HPLC using the method indicated above. Nonvolatile compounds
(NVC) were measured by oven-drying at 60 °C until constant weight,
whereas the content of impurities (“other non-volatile compounds”,
denoted ONVC) were calculated as follows: ONVC = (NVC −
monosaccharides − oligosaccharides)/NVC. To measure the oligomer
content, liquors were subjected to total enzymatic posthydrolysis using
a mixture of enzymatic preparations rich in endopolygalacturonase
(Viscozyme L from Aspergillus aculeatus) and cellulases (Celluclast 1.5
L) at 37 °C for 40 h in Erlenmeyer ﬂasks with orbital agitation (150
rpm), using an endopolygalacturonase loading of 45 U/g liquor and a
cellulase loading of 5 FPU/g liquor.30 Sodium acetate buﬀer (50 mM)
was employed to maintain the pH at 5. Due to their low
concentrations, the neutral sugar constituents in pools were measured
by posthydrolysis (sulfuric acid concentration = 4%, T = 121 °C, t =
20 min) followed by sugar determination by HPAEC-PAD. The
oligomer contents were calculated on the basis of the increase in each
monomer concentration after posthydrolysis with respect to the
original samples. All analyses were made in triplicate.
POS Identiﬁcation. The identiﬁcation of POS contained in pools
I−VI was performed by HPAEC-PAD using the Dionex instrument
described previously. Samples of pools, with a saccharide concen-
tration ≤0.1 g/L, were ﬁltered using 0.45 μm cellulose acetate ﬁlters.
For comparison, mixtures of oligogalacturonides were prepared by
hydrolysis of polygalacturonic acid (PGA) by treating a 1% w/w PGA
solution at 121 °C for 40 min in media of pH adjusted to 4.4 with
NaOH.31 In this case, galacturonides were analyzed with the following
eluents: eluent A = 1 M sodium hydroxide; eluent B = 1 M sodium
acetate; and eluent C = deionized water. Elution was carried out with
linear gradient phases of 10−50% B and 10% A (0−10 min); 50−60%
B and 10% A (10−40 min); 60−70% B and 10% A (40−60 min); 0%
B and 10−20% A (60−65 min) and isocratic gradient 0% B and 20% A
(65−70 min). Pool I (containing mainly neutral oligomers) was
analyzed using a gradient prepared from 200 mM sodium hydroxide
(eluent A) and 2 M sodium acetate in 200 mM sodium hydroxide
(eluent B) according to the following sequence: 0−36 min, from 0 to
21% B; 36−42 min, 50% B; and 42−57 min, 0% B.
■ RESULTS AND DISCUSSION
Aqueous Extraction and Composition of SHT. LPW
samples were ﬁrst extracted with water to remove sugars and
other soluble compounds for other uses, to avoid their
decomposition during autohydrolysis. The water-extracted
solid (SHT) was employed as a substrate for hydrothermal
processing (see Table 1 for compositional data of SHT and
washing liquors). The nonvolatile solutes contained in the
washing liquors (denoted water-soluble extractives, WSE)
accounted for 39.5 wt % of oven-dry LPW and contained
about 59.8 g of sugars/100 g of dry WSE (mainly
corresponding to glucose and fructose, with minor amounts
Table 1. Composition of the Aqueous Extracts and the SHT
Obtained from the Raw Material (LPW)
stream content (wt % of oven-dry LPW)
water-soluble extractives (WSE) 39.5
solid for hydrothermal treatments (SHT) 60.5
Water-Soluble Extractives (WSE)
content (g/100 g oven-dry WSE)
component
washing 1
(LSR = 10)
washing 2
(LSR = 2)
washing 3
(LSR = 2)
sucrose 3.95 0.74 0.57
glucose 21.65 4.29 2.30
fructose 13.52 2.77 1.45
galactose (including
xylose residues)
5.34 1.20 0.79
arabinose 0.97 0.18 0.10
Solid Phase for Hydrothermal Treatments (SHT)
component content (g/100 g oven-dry SHT)
rhamnosyl substituents 1.21
arabinan 7.24
galactan 3.97
glucan 23.26
xylan 2.62
acetyl groups 1.10
galacturonan 23.05
acid-insoluble residue 8.73
ash 2.83
protein 5.79
pectin fractiona 28.60
aWith a galacturonic acid content of 67.5%
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of arabinose). Negligible amounts of galacturonic acid or
oligogalacturonides were found in the extractives. On the other
hand, SHT accounted for 60.5 wt % of oven-dry LPW and was
mainly made up of glucan and galacturonan (23.3 and 23.1 wt
% of oven-dry SHT, respectively), followed by arabinan (7.2 wt
%) and galactan (4 wt %). Because of the limitations of the
analytical method (based on total hydrolysis), glucan stands for
the glucose from cellulose (and probably from xyloglucan),
whereas arabinose and galactose can be generated from
polymers such as arabinan, galactan, or arabinogalactan.
Minor contents of xylan (2.6 wt %) and rhamnosyl units (1.2
wt %) were also found. The substitution by residual acetyl
groups was of minor importance. To obtain further composi-
tional information, SHT was subjected to acidic extraction of
pectin,29 which showed the content listed in Table 1 (28.6 wt
%). The galacturonic acid content of pectin (67.5%) was below
the results found by Gulloń et al.32 for apple pomace (73.5−
79%), but in the range of other reported data.28,33,34 Other
nonsaccharide fractions of minor importance for the purposes
of this study were ash and protein (which accounted for 2.8 and
5.8 wt % of oven-dry SHT, respectively).
Eﬀects of Hydrothermal Processing. To obtain liquors
with high oligomer concentrations, SHT was subjected to
hydrothermal processing under nonisothermal conditions to
reach 150, 155, 160, 165, 170, or 180 °C, corresponding to R0
values of 161, 248, 326, 434, 535, and 1038 min. In accordance
with Figure 2, the percentage of SHT solubilization increased
with temperature, with a less pronounced temperature
dependence under harsh conditions. The severest experiment
led to 51.5% SHT solubilization, whereas 46.6% SHT
solubilization was achieved in the experiment considered as
optimal (performed at 160 °C, R0 = 326 min). The
solubilization percentages observed in this work were rather
lower than that reported (about 70%) for orange peel wastes.20
Eﬀects of the Hydrothermal Treatments on the
Composition of Spent Solids. The temperature range
explored in this work covered the optimal experimental domain
for producing soluble pectin-derived products. Under the
conditions tested, both cellulose and AIR were expected to
remain in the exhausted solids,35,36 making their further
utililization possible.37−39 This idea was conﬁrmed by the
experimental data: in comparison with SHT, the spent solids
resulting from the hydrothermal stage showed increased
proportions of cellulose and AIR.
Figure 2 shows that the relative content of acid-insoluble
residue in the spent solids increased to 26.2 wt %, as a result of
the selective solubilization of susceptible fractions. A similar
behavior was observed for glucan, which was the most
abundant component of these treated solids. In experiments
carried out within the temperature range of 160−180 °C,
glucan accounted for about 33 wt % of the spent solids
(corresponding to 80% glucan recovery). This result compares
well with the results reported in related studies.19,20,40
The major eﬀect of hydrothermal processing was the
hydrolytic breakdown of hemicelluloses and polygalacturonic
acid,41 leading to a number of reaction products (from low
molecular weight polymer to oligomers, sugars, and decom-
position products). Owing to the susceptibility of galactan,
arabinan, and galacturonan to depolymerization, their content
in spent solids decreased upon hydrothermal processing of
increasing severity. In comparative terms, this variation pattern
was more pronounced for arabinan and galacturonan. Under
the selected operational conditions, nearly 75% of arabinan and
70% of galacturonan were solubilized, in comparison with about
65% for galactan. This ﬁnding is in agreement with literature
results.19,20,42−44 Although similar solubilization percentages
were found for these polymers, the oligomers of higher DP
were obtained from galacturonan (see below). On the other
hand, the xylan content of spent solids varied in the range of
3.5−3.7%, whereas the acetyl group content remained almost
constant along diﬀerent experiments, following a reaction
pattern similar to that reported for orange peel wastes.20
Eﬀects of the Operational Conditions on the
Composition of Liquors. Depending on the severity of
Figure 2. Percentage of solubilization and chemical composition of the spent solids obtained in autohydrolysis experiments. R0, severity factor.
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hydrothermal processing, both pectin and hemicelluloses can
be converted into high molecular weight compounds, oligomers
(with or without substituents), monomers, or decomposition
products.
Oligomers. Figure 3 presents the temperature dependence of
the autohydrolysis liquor composition. OGalA were the major
components, followed by AraOS. The same ﬁgure justiﬁes the
criterion followed for selecting the optimal temperature. Even if
the OGalA concentrations were higher under mildest
conditions assayed (Figure 3a), the maximum yield (18.28 kg
OGalA/100 kg SHT) was obtained at 160 °C due to the high
liquor recovery achieved at this temperature (see Table 2). The
recovery increased continuously with the severity of the
treatment due to both increased solid solubilization and
decreased pectin content of spent solids (resulting in a lower
water retention capacity). Operating at 160 °C, the amount of
total oligosaccharides (OS) without glucooligosaccharides
(GOS) was 26.62 kg/100 kg SHT. These conditions are
milder than the ones leading to optimal yields of
xylooligosaccharides (XOS) from a number of xylan-containing
substrates.22,43,45,46 Higher severities (temperatures in the range
of 170−180 °C, R0 in the range of 535−1038 min) resulted in
reduced oligomer generation, as a consequence of hydrolysis
and decomposition reactions. Similar variation patterns have
been observed for sugar beet pulp and orange peel wastes.19,20
The maximum AraOS concentration reached in this study (5.7
g/L) was lower than the one achieved with sugar beet pulp
(15.1 g/L) and close to the one obtained with orange peel
wastes (6.6 g/L) using the same liquor to solid ratio. In
comparison with the same feedstocks, SHT from LPW
provided the highest concentration of OGalA (>20 g/L). The
concentration proﬁles of both GalOS and XOS were deﬁned by
a slight and steady increase with temperature to reach
maximum concentrations of about 2.3 and 0.42 g/L,
respectively. GOS were also found at low concentrations (<1
g/L at the optimal temperature) due to the low susceptibility of
cellulose to the hydrothermal treatment. The content of acetyl
groups bound to oligomers (denoted AcO) decreased with the
severity of treatments, with a pronounced drop in the harshest
treatment (180 °C). Neither LPW nor orange peel wastes20
were rich in acetyl substituents, oppositely to sugar beet pulp.19
Rhamnosyl and fructosyl moieties were also detected, but at
low concentrations (<1 g/L).
Monosaccharides. Glucose, arabinose, and fructose were the
most abundant monosaccharides in liquors (Figure 3b). The
concentrations of arabinose (Ara), galacturonic acid (GalA),
and rhamnose (Rham) increased with temperature, as a
consequence of the hydrolytic reactions, reaching 2.4, 0.52,
and 0.30 g/L at 180 °C respectively, whereas the glucose
concentration remained fairly constant. On the other hand, the
concentrations of xylose (Xyl) and galactose (Gal) increased
continuously, reaching 0.1−0.2 g/L under the harshest
conditions assayed.
Nonsaccharide Compounds in Liquors. Due to the side
processes taking place during hydrothermal treatments,
undesired nonsaccharide compounds (protein, lignin-derived
products, sugar decomposition products, and inorganic salts)
appear in the reaction media, making the reﬁning of media
necessary. Figure 4 shows the temperature dependence of the
concentrations of formic acid, acetic acid, HMF, and furfural.
The most remarkable ﬁnding was the marked increase in acetic
acid concentration (from 0.3 to 0.6 g/L) observed at
temperatures in the range of 170−180 °C. A close
correspondence between the decrease in AcO and the increase
in the acetic acid concentration can be observed.
The content of NVC (expressed as kg of NVC/kg of liquor),
including saccharides and nonsaccharides, was quantiﬁed by
oven-drying of liquors. Figure 5 shows that NVC ﬁrst increased
with temperature to reach a maximum at 170 °C (0.0473 kg/kg
of liquor) and then decreased in the experiment of 180 °C
(0.0458 kg/kg of liquor), whereas the ONVC concentration
increased with temperature during the experimental domain. At
160 °C (R0 = 326 min) the results obtained for both NVC and
ONVC were 0.0458 kg/kg liquor and 18.3 kg/100 kg NVC,
respectively. Both the variation pattern observed for ONVC
and their concentration at 160 °C were similar to the results
reported for orange peel wastes20 and sugar beet pulp19 and
compared favorably with the results reported for other agro-
industrial feedstocks such as industrial barley wastes.47
Material Balances. Table 2a lists the amount of
autohydrolysis liquors recovered and the yields of the diﬀerent
reaction products (expressed as kg/100 kg of oven-dried SHT).
The mass of liquid phase increased with the severity of
Figure 3. Eﬀect of temperature on the composition of autohydrolysis
liquors: (a) oligomers expressed in g/L; (b) monomers expressed in
g/L. Ara, arabinose; AraOS, arabinooligosaccharides; AcO, acetyl
substituents in oligomers; Fru, fructose; FruOS, fructosyl moieties in
oligomers; Gal, galactose; GalOS, galactooligosaccharides; GalA,
galacturonic acid; Glc, glucose; GOS, glucooligosaccharides; Rham,
rhamnose glucooligosaccharides; Suc, sucrose; Rham, rhamnose;
RhamOS, rhamnosyl moieties in oligomers; Xyl, xylose; XOS,
xylooligosaccharides.
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treatments, owing to the partial solubilization of SHT. In the
experiment performed at the highest temperature considered,
the amount of liquid phase recovered was maximal (953.6 kg/
100 kg SHT), but the yield in the target products AraOS and
OGalA decreased, due to hydrolysis. The maximal oligomer
yield (26.6 kg of non-GOS oligomers per 100 kg of dry SHT)
was achieved at 160 °C (R0 = 326 min), together with 856.8 kg
of liquor. Figure 5 also shows that the reaction liquors
contained limited proportions of undesired compounds (in the
range of the ones reported for sugar beet pulp19 and orange
peel wastes20). Table 2b lists the conversions calculated for the
various products. The results conﬁrmed that arabinan and
galacturonan were the polymers most susceptible to hydro-
thermal treatments, reaching satisfactory conversions into the
oligomers (67.7 and 79.3%, respectively) at 160 °C.
Membrane Processing of Liquors. To obtain food grade
products, the reaction media must be reﬁned to remove
undesired compounds. Among the various techniques appli-
cable for puriﬁcation and concentration, membrane technolo-
gies oﬀer an interesting alternative, due to their simplicity,
energy eﬃciency, operation without harmful organic solvents,
and the small space required.48 In this work, two sequential
steps of membrane ﬁltration (discontinuous diaﬁltration and
concentration) were employed for reﬁning and concentrating
the autohydrolysis liquors obtained at 160 °C (stream A in
Figure 1).
A sample of autohydrolysis liquors (50 mL) was diluted with
distilled water (250 mL), and the resulting solution was
subjected to membrane diaﬁltration to reach the desired
retentate volume (in this case, 50 mL). Operation was carried
out with a transmembrane pressure of 3 bar and repeated six
Table 2. Material Balances and Conversion Yields
(a) Reaction Liquors (Data Based on 100 kg of Oven-Dried SHT)
T (°C)
recovered
liquors (kg) Rham Ara Gal Glc Xyl Fru GalA RhamOSa AraOS GalOS GOS XOS FruOSa AcO OGalA OSb
150 669.23 0.02 0.26 0.02 1.80 0.03 1.14 0.04 0.46 3.60 1.17 0.43 0.07 0.00 0.51 14.62 20.43
155 744.77 0.04 0.44 0.03 1.94 0.03 1.20 0.10 0.56 4.19 1.41 0.54 0.09 0.00 0.42 16.10 22.77
160 856.76 0.08 0.80 0.05 2.24 0.04 1.34 0.10 0.73 4.91 1.90 0.76 0.14 0.26 0.40 18.28 26.62
165 865.48 0.12 1.07 0.07 2.30 0.05 1.32 0.16 0.76 4.60 1.96 0.96 0.17 0.32 0.37 17.77 25.95
170 875.55 0.16 1.39 0.09 2.37 0.06 1.32 0.25 0.81 4.31 2.00 1.07 0.21 0.33 0.30 16.26 24.22
180 953.59 0.29 2.26 0.16 2.75 0.09 1.32 0.50 0.88 3.72 2.15 1.33 0.40 0.48 0.00 11.49 19.12
(b) Conversion Yields (Expressed as Grams of Monomer Equivalents/100 g of Polymer in SHT)
150 °C 155 °C 160 °C 165 °C 170 °C 180 °C
rhamnosyl in polymers conversion into Rham 1.71 3.24 6.46 10.19 13.41 24.08
arabinan conversion into Ara 3.53 6.13 11.08 14.70 19.13 31.21
galactan conversion into Gal 0.49 0.80 1.27 1.68 2.25 4.01
glucan conversion into Glc 7.75 8.35 9.64 9.89 10.19 11.84
xylan conversion into Xyl 1.04 1.25 1.57 1.76 2.29 3.53
galacturonan conversion into GalA 0.17 0.43 0.45 0.69 1.07 2.16
rhamnosyl in polymers into RhamOS 38.31 46.32 60.24 62.87 67.25 72.34
arabinan conversion into AraOS 49.67 57.83 67.75 63.62 59.50 51.34
galactan conversion into GalOS 29.41 35.59 47.78 49.18 50.37 54.16
glucan conversion into GOS 1.84 2.31 3.26 4.13 4.62 5.70
xylan conversion into XOS 2.68 3.51 5.16 6.43 7.95 15.43
acetyl groups conversion into AcO 46.84 38.15 36.77 37.14 27.24 0.00
galacturonan conversion into OGalA 63.42 69.86 79.32 77.10 70.57 49.85
aRhamnosyl or fructosyl moieties bonded to other sugars in oligomeric compounds. bTotal oligomers (without GOS).
Figure 4. Dependence of the concentrations of organic acids and
furans in autohydrolysis liquors on maximum treatment temperature.
HMF, hydroxymethylfurfural.
Figure 5. Temperature dependence of the concentrations of NVC and
ONVC in reaction liquors (NVC, nonvolatile compounds; ONVC,
other nonvolatile compounds or impurities).
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times to obtain a reﬁned diaﬁltered solution (stream B in
Figure 1). After this stage, the diaﬁltered solution (stream B)
was further processed by nanoﬁltration in concentration mode,
to increase the proportion of the target products in retentate
and to decrease the amount of unwanted compounds, leading
to stream D in Figure 1. The degree of concentration was
measured in terms of the volume concentration ratio (VCR),
deﬁned as49
=
−
V
V V
VCR F
F P (2)
where VF is the volume of feed subjected to ﬁltration and VP is
the volume of permeate (see Figure 1).
The recovery yield of a given component i in retentate after
diaﬁltration or concentration stages (YRi, expressed as a
percentage respect to its amount in the feed stream) can be
calculated using the equation49
= V C
V C
Y i
i
i
R
R R
F F (3)
where CRi is the ﬁnal concentration of component i in the
retentate, CFi is the concentration of component i in the feed
stream, VF is the volume of feed subjected to ﬁltration, and VR
is the ﬁnal volume of retentate.
Concentration was performed to reach a VCR = 3.53. Table
3 shows compositional data concerning the autohydrolysis
liquors (stream A), the diaﬁltered solution (stream B), and the
concentrated product (stream D), as well as the recovery yields
calculated for the various products respect to the respective
amounts present in the feed. Membrane processing resulted in
puriﬁcation eﬀects (including the removal of monosaccharides
and ONVC): material balances showed that just 15% of the
initial ONVC remained in diaﬁltered liquors and that similar
recoveries were achieved for monosaccharides. In comparison,
higher recovery yields were obtained for the target products,
especially GalOS, XOS, and OGalA, conﬁrming the suitability
of membrane processing for the objectives of this study. The
major target compound (OGalA) reached the highest
proportion of 0.740 kg/kg NVC in the concentrate, followed
by AraOS (0.122 kg/kg NVC) and GalOS (0.063 kg/kg NVC).
The total oligosaccharide content (excluding GOS and
fructosyl moieties) of the concentrate stream was 0.955 kg/
kg NVC. Considering that the same compounds accounted for
0.672 kg/kg NVC in the autohydrolysis liquor, the puriﬁcation
eﬀects achieved with membrane processing are remarkable. In
more detail, the recoveries of the target products (taking into
account both stages of membrane ﬁltration) were 79.8% for
GalOS, 59.3% for AraOS, and 96.1% for OGalA, in comparison
with 0−6% for monosaccharides. The ONVC content of the
concentrate was just 0.013 kg/kg ONVC (a value in the range
reported for commercial oligosaccharides),50 but it has to be
considered that this fraction is underestimated due to the
correction for hydration (both oligomers and polymers are
measured as “monomer equivalents”, according to the analytical
methodology employed in this work). If both oligomers and
polymers were measured as “polymer equivalents”, the ONVC
content would increase to 0.10 kg/kg NVC, whereas the
“oligomer equivalent” would be intermediate between these
two ﬁgures and dependent on the average molecular weight.
The protein content of the reﬁned product (based on the
determination of elemental nitrogen), which also contributes to
the ONVC fraction, was 0.028 kg/kg NVC. On the basis of
these data, it can be concluded that the purity of the
concentrate lies in the range reported for commercial
prebiotics.50,51
Fractionation by Low Pressure Anion-Exchange
Chromatography and Chemical analysis. The detailed
analysis of the reﬁned product was carried out to assess the
eﬀects of the hydrothermal treatment on the hydrolysis
products of lemon pectin. To achieve this objective, a freeze-
dried sample of the reﬁned product was subjected to
semipreparative chromatography in a DEAE-Sepharose CL-6B
column, and the resulting fractions were analyzed for
galacturonic acid to obtain the elution proﬁle shown in Figure
6. Six pools were obtained by the combination of selected
eluate samples, corresponding to the major peaks. Samples
from the various pools were subjected to acid posthydrolysis,
and the resulting hydrolysates were analyzed for structural units
as described under Materials and Methods. The results are
listed in Table 4, which also shows data of the yields. As
expected, pool I was mainly made up of neutral sugars (92%)
and accounted for 16.5 wt % of the sample, whereas the rest of
the pools had an acidic character and were obtained at yields
corresponding to 14.6, 36.2, 22.3, 7.0, and 2.1 wt % of the initial
sample. Related elution patterns were reported by Zhang et
al.25 Arabinose was the major component in pool I (63.5 g/100
g saccharides in pool I), followed by galactose (13.3%), glucose
(12.2%), xylose (1.9%), and rhamnose (0.8%). Galacturonic
acid was also present (8.4% of pool I).
This neutral pool contained 86 and 35% of the arabinose and
galactose, respectively, fed into the column, in comparison with
1.9% recovery for GalA. High Ara/Rha and Ara/GalA molar
ratios were observed, indicating that this pool contained mainly
fragments from RGI branches and minor amounts of the pectin
backbone. Figure 7 shows a HPAEC-PAD chromatogram of
pool I. A comparison with chromatograms obtained for linear
Table 3. Composition and Recovery Yields of the Streams in
Figure 1 (Stream A, Autohydrolysis Liquors; Stream B,
Retentate from Diaﬁltration; Stream D, Final Reﬁned
Product)a
mass fraction (kg/kg NVC) recovery yield (%)
component stream A stream B stream D
stream B
(YRi)
stream D
(Y′Ri)
Rha 0.002 0.000 0.000 15.6 26.1
Ara 0.020 0.005 0.002 17.5 25.0
Gal 0.001 0.001 0.000 29.2 13.8
Glc 0.057 0.009 0.001 10.6 12.5
Xyl 0.001 0.000 0.000 9.0 0.0
Fru 0.034 0.007 0.002 13.2 24.9
GalA 0.003 0.003 0.000 90.2 6.7
RhamOS 0.019 0.015 0.015 56.7 89.4
AraOS 0.125 0.141 0.122 78.1 75.9
GalOS 0.048 0.063 0.063 90.5 88.2
GOS 0.019 0.018 0.023 61.7 ∼100
XOS 0.003 0.006 0.006 ∼100 96.2
fructosyl
moieties
0.007 0.003 0.004 28.3 ∼100
AcO 0.010 0.009 0.008 61.6 76.7
OGalA 0.466 0.681 0.740 100 96.1
OCNV 0.183 0.039 0.013 14.9 30.2
aAmount of NVC in stream A, 0.046 kg NVC/kg liquor; amount of
NVC in stream B, 0.035 kg NVC/kg liquor; amount of NVC in stream
D, 0.111 kg NVC/kg liquor.
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AraOS standards (DP 2−8) conﬁrmed the presence of at least
linear oligomers made up of arabinose units as well as other
peaks that could attributed to the presence of other neutral
oligosaccharides (for example, GalOS, branched AraOS, or
arabinogalactooligosaccharides) in the reﬁned product (see
composition in Table 4). Figure 7 also conﬁrms the partial
retention of low DP oligomers in the ﬁnal product.
On the other hand, the predominance of galacturonic acid
structural units is clear in pools II, III, IV, V, and VI, accounting
for 81.9−94.8% of the total.
Pool III contains up to 36.2% of the saccharides of the
sample, and it is mainly made up of GalA (which accounts for
87.5% of the pool). The GalA/Rha and GalA/Ara molar ratios
in pool III were 113 and 72, respectively, so that it can be stated
Figure 6. Elution proﬁle of galacturonic acid from freeze-dried sample on DEAE-Sepharose CL-6B, eluted by a stepwise gradient of NaCl. Peaks:
eluted with distilled water (neutral pool I), eluted with 0.07 M NaCl (pool II), eluted with 0.14 M NaCl (pool III), eluted with 0.2 M NaCl (pool
IV), eluted with 0.3 M NaCl (pool V), and eluted with 0.5 M NaCl (pool VI).
Table 4. Yields and Sugar Compositions of Pools
pool I pool II pool III pool IV pool V pool VI
yielda (%) 16.5 14.6 36.2 22.3 7.0 2.1
monomer composition (%)
rhamnose 0.8 2.1 0.7 2.1 5.8 1.3
arabinose 63.5 4.4 0.9 2.1 3.4 1.0
galactose 13.3 6.0 2.4 6.3 7.3 2.0
glucose 12.2 3.4 1.2 1.0 0.0 0.0
xylose 1.9 2.2 0.8 1.4 0.4 0.8
acetic acid 0.0 0.0 6.5 1.8 0.4 0.0
galacturonic acid 8.4 81.9 87.5 85.3 82.8 94.8
aYield (mg saccharides/100 mg reﬁned product applied to column).
Figure 7. HPAEC-PAD elution of neutral pool with indication of standard linear arabinooligosaccharides.
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that this pool contains mainly HG fragments. A similar
composition was observed for pool VI (94.8% of the pool is
GalA), although it is a minor component, accounting for 2% of
the reﬁned product.
On the other hand, pools II, IV, and V contain signiﬁcant
amounts of neutral sugars (13−18% of pool) including
rhamnose (2.1−5.8%). Pool V shows the lower GalA/Rha
molar ratio (12 mol/mol). With these date taken into account,
it can be deduced that these pools contain RGI backbone
fragments and branches made up of Ara and/or Gal.
Figure 8 shows the chromatograms of pools II−VI as well as
the one belonging to a PGA hydrolysate with indication of
commercial standards (DP1, DP2, and DP3). As it can be seen,
similar peaks (but with diﬀerent response areas) were found in
the chromatograms belonging to pools II−V. The explanation
can be found in their degree of methylation (DM). Due to the
high pH (13) of the eluent, all ester groups are removed and
the oligogalacturonides are eluted according to their polymer-
ization degree.24 As observed by Ralet et al.,24 when DEAE-
Sepharose CL-6B is employed to separate OGalA, the elution is
governed by the overall negative charges and the DP. For
example, according their observations, pool III includes OGalA
with DP up to 18 (from this size, the peaks are less appreciable)
but with higher DM (lower overall charge) than observed for
pools IV and V. On the other hand, pool II and V mainly
contain oligomers with DP >6 and DP <6, respectively.
The data in Figure 8 and the recovery yields (Table 3)
conﬁrm that the membrane employed was able to retain all of
the OGalA.
In consequence, it can be conﬁrmed that hydrothermal
processing can break the pectin structures, generating a mixture
of neutral and acidic oligomers (these last ones showing
variable DP and DM) that can be puriﬁed by membrane
technology and fractionated by preparative chromatography to
obtain a variety of products suitable to be compared in
prebiotic activity assays.
Conclusions. Lemon peel wastes were employed as a
substrate for obtaining reﬁned mixtures of pectin-derived
oligosaccharides by means of a process involving water
extraction of free sugars, autohydrolysis of the remaining
solid, and membrane processing of the liquors. When water-
extracted lemon peel wastes were treated under nonisothermal
conditions at 160 °C (R0 = 326 min), the oligomer
concentration reached a value of 31 g/L. When liquors were
subjected to several stages of diaﬁltration and concentration,
the purity of the target products increased signiﬁcantly (up to
98 g oligomers/100 g dry product), at a global yield of 14 kg/
100 kg of oven-dry lemon peel wastes. A detailed analysis of the
reﬁned product (based on samples obtained by semipreparative
chromatography and HPAEC-PAD) showed that the major
reaction products detected in the ﬁnal product were
arabinooligosaccharides with DP 2−8 and oligogalacturonides
with DP in the range of 2−18 and variable degree of
methylation.
The comparative evaluation of its prebiotic ability is being
carried out in our laboratory.
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Abstract
BACKGROUND: There is growing interest in the search for new prebiotics with improved functional properties. In this ﬁeld,
pectin-derived oligosaccharides (POS) have been identiﬁed as promising prebiotics. Lemon peels (an abundant agro-industrial
by-product) can be used as a raw material for manufacturing a variety of POS, whose prebiotic properties depend on their
chemical structure and composition. This work dealswith the production of POS by partial enzymatic hydrolysis under a variety
of operational conditions, with their puriﬁcation bymembrane ﬁltration and detailed chemical characterisation.
RESULTS: As a result of a three-stage process (water extraction, enzymatic hydrolysis andmembrane ﬁltration), two POS reﬁned
concentrates were obtained after 7.5 or 24h of enzymatic hydrolysis (the contents of the non-volatile impurities were 5.8
and 11.8wt%, respectively), mainly made up of oligogalacturonides with diﬀerent molar mass distribution and degree of
methylation (43.4 and 37.4%, respectively) and degree of acetylation (5.5 and 8.6%, respectively) at yields of 13.1 and 10.8 g
100g−1 dry lemon peel wastes, respectively.
CONCLUSION: A high-yield process (based on simple and scalable technologies) enabled the production of two POS mixtures
with diﬀerent chemical characteristics, fulﬁlling the compositional requirements to be used as prebiotics.
© 2014 Society of Chemical Industry
Keywords: pectin-derived oligosaccharides; prebiotics; lemon peels; enzymatic hydrolysis; membrane ﬁltration; chemical characterisa-
tion
INTRODUCTION
Recent research has conﬁrmed the important role of the intestinal
microbiota on the host health, as well as that nutritional interven-
tion (including the administration of prebiotics) may be a valuable
tool for preventing certain diseases, delaying (or even replac-
ing) the utilisation of conventional therapy. These ﬁndings have
boosted the search for new prebiotics with improved functional
properties. Some oligosaccharides (for example, fructooligosac-
charides or galactooligosaccharides) are commercially available,
whereas other prebiotic candidates (for example, pectin-derived
oligosaccharides, POS) are currently under evaluation. POS have
been classiﬁed as ‘emerging prebiotics’ based not only on their
prebiotic potential, but also on properties such as: (1) the ability
to stimulate apoptosis of human colon cancer cells, (2) ulcer
prevention, (3) anti-inﬂammatory and anti-obesity eﬀects, and (4)
increase excretion of toxic metals via the urine.1–5
POS are obtained by partial depolymerisation of pectin, a
complex, ramiﬁed heteropolysaccharide. Owing to the structural
diﬀerences among pectins obtained from diﬀerent sources by
speciﬁc processing methods, POS may include products such as
oligogalacturonides (OGalA), galactooligosaccharides (GalOS),
arabinooligosaccharides (AraOS), ramnogalacturonooligosac-
charides (RhaGalAOS) and arabinogalactooligosaccharides
(AraGalOS), which can be substituted (for example, with methyl
and acetyl groups, or esteriﬁed ferulic acid).
The POS properties have been assessed by in vitro fermentation
studies performed with pure strains6,7 or faecal inocula8 and
depend on their composition and structure. The available infor-
mation conﬁrms the ability of neutral oligomers (such as AraOS
or GalOS) for causing strong biﬁdogenic eﬀects (similar to those
caused by inulin) but the results reported for OGalA are controver-
sial; on the one hand, POS have been found unable to stimulate
the growth of biﬁdobacteria,8 but on the other hand, POS of very
diﬀerent mass ratios galacturonic acid (GalA)/neutral sugars have
been reported to exert prebiotic eﬀects comparable to those
caused by fructooligosaccharides (FOS).9–11 The inﬂuence of the
degree of methylation on the POS properties is also controversial,
even though partially methylated OGalA is more favourable for
supporting the growth of Faecalibacterium prausnitzii (a ‘healthy’
bacterium) than other types of POS.8
In many cases, the information reported on the fermentation of
POS has beenmostly obtained from experiments made with com-
plex mixtures of oligomers. To assess the commercial potential of
POS, more information is needed in a number of topics, including
the utilisation of simple and scalable technologies formanufactur-
ing and reﬁning, and the structure–function inter-relationships.
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Pectin depolymerisation can be carried out by chemical or enzy-
matic methods. Gómez et al.12 and Martínez et al.13 obtained POS
mixtures at high yield by hydrothermal processing from lemon
peel and orange peel wastes, respectively, whereas Grohmann
et al.14 employed a method based on acid hydrolysis, and Chen
et al.15 used dynamic high-pressure microﬂuidisation. As an alter-
native, pectinolytic and cellulolytic enzymes have also been used
for POS manufacture from a variety of raw materials.16–20
The enzymatic alternative oﬀers the following advantages:21,22
(1) the reaction is carried out under mild operational conditions,
(2) the hydrolysis media do not cause corrosion, (3) no toxic or
contaminant chemicals are used; (4) the hydrolysis is selective,
aﬀecting only speciﬁc constituent units or bonds, as expected for
an enzyme-catalysed reaction, (5) the reaction yields canbehigher
than those achievable by chemicalmethods, and (6) the formation
of unwanted decomposition products is avoided.
The POS concentrates must have a suitable degree of purity to
allow both the evaluation of their biological properties of POS
and their suitability as food ingredients. Puriﬁcation of diﬀerent
products can be carried out using a number of physicochemical
methods, including membrane separation. Membranes have
been employed in the literature for reﬁning a number of oligosac-
charides mixtures.23–27 Operation with membranes presents a
number of advantages respect to other puriﬁcation methods,
including: (1) limited energy consumption; (2) ﬂexibility for work-
ing under a wide range of operational conditions (temperature,
pressure, agitation and feed ﬂow); and (3) suitable for large-scale
operation.
This work provides an experimental assessment of a process
based on simple and scalable stages (aqueous extraction, enzy-
matic hydrolysis and membrane reﬁning) for manufacturing POS
concentrates from lemon peels. The operation was carried out
under selected conditions to produce two puriﬁed POS mixtures
(with, probably, diﬀerent prebiotic properties) which were charac-
terised through a variety of analytical techniques.
MATERIALS ANDMETHODS
Rawmaterial
Lemon peel wastes (LPW) were kindly supplied by Indulleida S.A.
(Lleida, Spain). Samples were homogenised to avoid composi-
tional diﬀerences among aliquots and frozen at −18 ∘C until use.
Aqueous extraction of lemon peel wastes
LPW samples were washed in a 2 L stirred tank with distilled
water (using 10 g of water g−1 of oven-dry LPW) for 15min at
room temperature in a stirred tank. Then, the soluble material was
separated by centrifugation (extracts) and the solid fraction was
washed twice using 2 g of water g−1 of oven-dry solid.12,13 Washed
solids were assayed for composition and used as substrates for
enzymatic hydrolysis (SEH).
Enzymatic hydrolysis
Enzymatic hydrolysis assays were performed in 250-mL Erlen-
meyer ﬂasks placed in a thermostated orbital incubator (37 ∘C,
150 rpm). Media were prepared at liquor to solid ratio (LSR) of
20 g g−1, and the initial pH was ﬁxed at 5.0. Experiments were
carried out using sterilised and non-sterilised media, operating
at various loadings of selected enzymes (pectinases and cellu-
lases, see below). The commercial enzyme concentrates employed
in experiments were: Celluclast 1.5 L, cellulases from Trichoderma
reesei (NovoNordisk Bioindustrial, Madrid, Spain), Viscozyme L and
Pectinex Ultra SP-L, pectinases from Aspergillus aculeatus (Novo
Nordisk Bioindustrial), andPectinase 62 L (fromBiocatalysts,Wales,
UK). The cellulase and polygalacturonase activities of the commer-
cial concentrates were measured as described by Martínez et al.18
The arabinase and arabinogalactanase activities were assayed by
the polygalacturonase activity method, employing arabinan and
arabinogalactan as reaction substrates, respectively. Standards of
polygalacturonic acid and arabinogalactan were purchased from
Fluka, Sigma-Aldrich (Steinheim, Germany), whereas arabinan
(from sugar beet, with a mole ratio Ara:Gal:Rha:GalUA= 88:3:2:7)
was purchased fromMegazyme (Wicklow, Ireland).
POS were manufactured from LPW following the scheme
depicted in Fig. 1 under the operational conditions listed in
Table 1. The ﬁrst set of assays (experiments 1 to 5) was performed
using Viscozyme L, which was selected because of its compara-
tively good balance of enzymatic activities. Experiments 1 and 2
were carried out to assess the possible eﬀects caused by a sterili-
sation stage on the kinetics and yields of the hydrolysis reaction.
A comparison between experiments 2 and 3 allowed an evalua-
tion of the inﬂuence of cellulase supplementation, whereas the
improvements derived from a higher polygaracturonase charge
can be assessed on the basis of the results obtained in experi-
ments 2 and 4. Experiments 3 and 4were performed to analyse the
diﬀerences with experiment 1, in order to assess the possibility of
replacing the sterilisation stage by other alternatives in a way that
the yields in the target products are not signiﬁcantly decreased.
Experiment 5was performed under selected conditions to explore
the behaviour of a sterilised substrate at a lower enzyme loading.
Finally, experiments 6 and 7 were carried out with Pectinase 62 L
and Pectinex ULTRA SP-L, respectively, to conﬁrm the eﬀects of a
diﬀerent activity balance.
At selected reaction times, samples were withdrawn from the
hydrolysis media and heated a 100 ∘C for 5min for enzyme inac-
tivation before determination of sugars, oligosaccharides (OS) and
unwanted compounds (see below).
Membrane processing
Hydrolysis media were subjected to consecutive steps of diaﬁl-
tration and concentration. Diaﬁltration was performed by mixing
100 g of hydrolysis medium with 200mL of distilled water and
concentrating the resulting solution through a 1 kDa regenerated
cellulose membrane (using a 8400 Amicon cell from Millipore,
Darmstadt, Alemania) up to a ﬁnal volume of 100mL. The trans-
membrane pressure was 3 bar. The concentration stage was per-
formed under the same conditions in order to reach a concentra-
tion factor (measured as the feed to retentate volume ratio) of 2.9.
Recovery yields (Y i) for the various components were calculated
from the equation:
Yi =
100 × Ci,R × VR
Ci,F × VF
(1)
where Ci,F and Ci,R are the concentrations of component i in feed
and retentate, respectively; whereas VF and VR are the volumes of
feed and retentate, respectively.
Chemical composition of extracts and enzymatic hydrolysis
media
The composition of extracts, the hydrolysis media and reﬁned
concentrates was performed using a combination of techniques.
wileyonlinelibrary.com/jctb © 2014 Society of Chemical Industry J Chem Technol Biotechnol (2014)
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Figure 1. Process scheme and material balances.
Table 1. Experimental plan
Experi-
ment Concentrate
PSR
(U g−1)
CPR
(FPU U−1) Sterilisation
1 Viscozyme L 5 0 Yes
2 Viscozyme L 5 0 No
3 Viscozyme L 5 1 No
4 Viscozyme L 10 0 No
5 Viscozyme L 3 0 Yes
6 Pectinase 62 L 3 0 Yes
7 Pectinex ULTRA SP-L 3 0 Yes
PSR, polygalacturonase to solid ratio; CPR, cellulase to polygalactur-
onase ratio; FPU, ﬁlter paper unit.
The monosaccharide (MSacc) content was measured by HPLC
using an Agilent (1260 series) instrument with refractive index
detection (Agilent Technologies, Santa Clara, CA, USA), operating
under the following conditions: precolumn and column, Aminex
HPX-87H (BioRad, Hercules, CA, USA); mobile phase and ﬂow rate,
0.003mol L−1 H2SO4 and 0.6mLmin
−1; detector temperature,
50 ∘C. This column does not separate galactose from xylose
and/or mannose (which are eluted in a single peak), but the over-
all amount of these sugars is reported as galactose because is the
major compound (as soluble sugars) and as GalOS (as structural
units of oligosaccharides). Saccharose and fructose were mea-
sured using an enzymatic kit (R-Biopharm, Darmstadt, Germany).
The overall amount of OS in hydrolysis media was determined
as given by Martínez et al.18 The concentrations of non-volatile
compounds (NVCs) in the various solutions obtained in this study
were measured by oven-drying at 60 ∘C up to constant weight.
The concentrations of non-saccharide impurities (measuredby the
‘other non-volatile components’ fraction, ONVC) were obtained
from the results determined for NVCs, ONVC, glucooligosaccha-
rides (GOS), GalOS, AraOs, OGalA, acetyl groups linked to OS (AcO)
and MSacc using the equation:
ONVC = (NVC − GOS − GalOS − AraOS − OGalA
− AcO − MSacc) ∕NVC (2)
On the other hand, the sugar composition of the ﬁnal reﬁned
products (streams C and C′) was also determined by GC-FLD using
the alditol acetates method, and the uronic acids content was
J Chem Technol Biotechnol (2014) © 2014 Society of Chemical Industry wileyonlinelibrary.com/jctb
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Figure 2. High performance anion exchange chromatography system with pulsed amperometric detection (HPAEC-PAD) chromatograms of streams C
and C′ .
quantiﬁed colorimetrically with 3-phenylphenol using an auto-
mated analyser.28 In addition, these samples were also saponi-
ﬁed (by treatment with 1mol L−1 NaOH at room temperature) to
determine the degree of methylation degree using a colorimetric
method,29 while the degree of acetylation degree was quantifed
using theMegazyme acetic acid kit.30 All determinationswere per-
formed by triplicate.
Analysis of solids (water insoluble fraction and solid
for enzymatic hydrolysis)
For compositional analysis, LPW were subjected to 14 cross-ﬂow
extraction stages with stirring at room temperature. The individ-
ual extraction stages were performed at a LSR= 10 g g−1. After
extraction, the liquid phases from the various stages were mixed
to yield the soluble fraction, whereas the solids corresponded
to the water-insoluble fraction. The soluble fraction was assayed
for sugars, NVC and ONVC using the method cited above. The
water-insoluble fraction and SEH were assayed for galactan (mea-
sured jointlywith xylan and/ormannan), cellulose, arabinan, acetyl
groups and the acid insoluble residue, by performing a quantita-
tive acid hydrolysis (TAPPI T13m assay) and further HPLC deter-
mination of the glucose, galactose (plus xylose and/or mannose),
arabinose andacetic acidpresent in the resultinghydrolysates. The
uronic acid content of both solids was measured using the same
method cited above.28 Moisture and ash were determined accord-
ing to the standard methods ISO 638:1978 and T-244-om-93,
respectively. Additionally, the pectin content of SEHwasmeasured
using the method reported by Hwang et al.31 All determinations
were made by triplicate.
High-performance anion exchange chromatography
Acidic and neutral oligomers were analysed by high-performance
anion exchange chromatography (HPAEC). The two ﬁnal dried
products were diluted with Millipore water to 2.5mgmL−1 and
the analysis was performed on a ICS5000 high performance anion
exchange chromatography system with pulsed amperometric
and UV detection (HPAEC-PAD/UV) (Dionex, Sunnyvale, CA, USA)
equipped with a CarboPac PA-1 column (ID 2mm ID× 250mm)
and a CarboPac PA guard column (ID 2mm× 25mm). Both a
ICS5000ED (PAD) and an Ultimate 3000 Diode Array Detector
(Dionex) were connected to detect eluting compounds. The ﬂow
rate was 0.3mLmin−1 and the column temperature was 20 ∘C. The
two mobile phases were (A) 0.1mol L−1 NaOH and (B) 1mol L−1
NaOAc in 0.1mol L−1 NaOH. The elution proﬁle was as follows:
0–15min 0–5% B, 15–60min 5–70% B, 60–65min 70–100% B,
65–70min 100% B, 70–70.1min 100–0% B and ﬁnally column
re-equilibration by 0% B from 70.1 to 85min. The injection volume
was 10 μL. GalA and neutral standards oligomers were used for a
suitable identiﬁcation and, in the case of the OGalA released after
the hydrolysis and showed in the respective chromatograms of the
Fig. 2, was also possible the quantiﬁcation using the equation:
PADpeak area
GalA concentration
= k × DPn (3)
which relates PAD peak area, GalA concentration and degree of
polymerisation (DP), with k= 0.733 and n=−1.06 for saturated
OGalA, and k= 0.938 and n=−1.42 for unsaturated OGalA.
High-performance size exclusion chromatography
Streams C and C′ were analysed using High-performance size
exclusion chromatography on an Ultimate 3000 system (Dionex).
A set of four TSK-Gel super AW columns (Tosoh Bioscience,
Tokyo, Japan) was used in series: one guard column (6mm
ID× 40mm) and the three separation columns 4000, 3000 and
2500 (6mm× 150mm). The column temperature was set to 55 ∘C,
samples (20 μL, 2.5mgmL−1) were eluted with ﬁltered 0.2mol L−1
NaNO3 at a ﬂow rate of 0.6mLmin
−1 and the elution was moni-
tored by refractive index detection (Shodex RI 101; Showa Denko
K.K., Kawasaki, Japan).
wileyonlinelibrary.com/jctb © 2014 Society of Chemical Industry J Chem Technol Biotechnol (2014)
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Hydrophilic interaction liquid chromatography
Digests after both enzymatic treatments (7.5 and 24 h) were
diluted to 2.5mgmL−1 in 50% (v/v) acetonitrile and analysed
using an Accela UHPLC system (Thermo Scientiﬁc, Waltham, MA,
USA) coupled to an evaporative light scattering detector (Agi-
lent 1200 series; Gen Tech Scientiﬁc Inc., Arcade, NY, USA) and
an ESI-IT-MS-detector (LTQ Velos Pro ion trap MS; Thermo Scien-
tiﬁc) as described by Remoroza et al.32 Elution was performed at a
ﬂow rate of 300 μLmin−1 and the column temperature was kept at
35 ∘C. The injection volume was 5 μL. The elution proﬁle used was
slightly modiﬁed: 0–1min, isocratic 80% B; 1–31min, linear from
80 to 60% B; followed by column washing: 31–35min, linear from
60% to 40% B; 35–36min, 40% B; and column re-equilibration;
36–36.1min, linear from 40% to 80% B and 36.1–45min, 80% B.
The eluentwas split into 10:1 using anASI ﬂow splitter (Analytical
Scientiﬁc Instruments, Richmond, CA, USA) before leading to the
ELSD and the ESI-IT-MS detector. The drift tube temperature of
the ELSD was set to 35 ∘C and the gain to 12. MS detection
was performed in negative mode with the ion source voltage
set to −4.5 kV, heater temperature 225 ∘C, capillary temperature
350 ∘C, sheath gas 47 (arbitrary units), auxiliary gas 20 (arbitrary
units) and auto-tuned on tetra-galacturonic acid (m/z= 721). Mass
spectrawere acquired over the scan rangem/z 150–2000. Xcalibur
software was used to process the data (Thermo). The amounts
of acidic oligomers were quantiﬁed by ELSD using GalA oligomer
standards as previously described by Remoroza et al.30 and using
the next response factor function:
f (x) = 0.574 × x1.923 (4)
where f (x) is the ELSD peak area and x the OGalA concentration.
Matrix-assisted laser desorption/ionisation–time of ﬂight
mass spectrometry
Samples were diluted with Millipore water at 1mgmL−1 and
desalted with AG 50W-X8 Resin (Bio-Rad Laboratories, Hercules,
CA, USA) (a small amount with a spatula spoon to 50 μL of each
sample and desalting was allowed for about 30min). After cen-
trifuging 10min, 1 μL of the desalted sample solution was mixed
on a MALDI plate (Bruker Daltonics, Bremen, Germany) with 1 μL
matrix solution of (25mgmL−1 of 2,5-dihydroxybenzoic acid;
Bruker Daltonics) in 50% (v/v) acetonitrile and dried under a
stream of air. Matrix-assisted laser desorption/ionisation–time of
ﬂight mass spectrometry (MALDI-TOF MS) analysis was performed
using an Ultraﬂex workstation (Bruker Daltonics) equipped with
a nitrogen laser of 337 nm, operated in positive mode with a
laser power intensity of 60%. After a delayed extraction time of
350 ns, the ions were accelerated to a kinetic energy of 22 kV
and detected using reﬂector mode. The mass spectrometer
was calibrated with a mixture of maltodextrins (MD20, mass
range m/z 500–2000; Avebe, Foxhol, the Netherlands). The
data were processed using the Bruker Daltonics ﬂexAnalysis
software.
RESULTS ANDDISCUSSION
Composition of the rawmaterial
The soluble fraction of the LPW accounted for 51.4wt% of its
oven-dry weight. The compositional data listed in Table 2 showed
that glucose and fructose were the major solutes in the soluble
fraction, with minor amounts of OS, sucrose, galactose and arabi-
nose.
Table 2. Chemical composition of the rawmaterial
Component % of oven-dried LPW
Extracts
Sucrose 0.99
Glucose 15.14
Fructose 9.37
Galactose 2.96
Arabinose* 0.44
GOS 1.48
GalOS 1.04
Water-insoluble fraction
Glucan 9.9
Galactan 4.3
Arabinan* 3.7
Acetyl groups 0.5
Galacturonan 14.3
AIR 3.9
Ash 1.3
Pectin –
*Including rhamnose/rhamnan traces.
AIR, acid-insoluble residue; GalOS, galactooligosaccharides; GOS, glu-
cooligosaccharides; LPW, lemon peel wastes.
The rest of the LPW dry weight (denoted the water-insoluble
fraction) was characterised by a high galacturonan content (14.3 g
100 g−1 dry LPW), followed in importance by glucan (9.9 g 100 g−1
dry LPW). Galactan accounted jointly for 4.3 g 100 g−1 dry LPW,
whereas the arabinan content reached 3.7 g 100 g−1 LPW. The acid
insoluble residue (corresponding to non-saccharide components)
accounted for 3.9 g 100 g−1 LPW, whereas the contents of acetyl
groups and ash were not signiﬁcant for the objectives of this
study. In general, the results achieved in this work are in the range
reported by Martínez et al.13 for orange peels or orange peel
wastes (OPW).
Manufacture of substrates for enzymatic hydrolysis
The water-insoluble fraction could be a suitable substrate for
enzymatic hydrolysis but, in practice, the exhaustive processing
needed to remove extracts quantitatively makes it suitable only
for analytical purposes. In this work, LPW was subjected to a
more practical method, consisting of three-stage extraction (see
materials and methods). Table 3 lists the chemical composition
of the liquid phases obtained with this simpliﬁed processing
scheme, which conﬁrmed the decrease of concentrations of total
solutes (measured by NVC) and saccharides along the extraction
process. The NVC contents of extracts from stages 1, 2 and 3
were 4.71, 3.02 and 1.88wt%, respectively. It can be noted that
the monosaccharide contents of these solutions makes them
potentially suitable as media for further fermentation.
Figure 1 shows the general process scheme followed in this
work for manufacturing reﬁned POS. The extractive-free solids
from the three aqueous extraction stages (SEH) were hydrolysed
with enzymes. When the reaction was completed, the media were
centrifuged and subjected to membrane processing for reducing
their contents of unwanted compounds (MSacc and ONVC).
Table 3 also includes data concerning the SEH composition.
Galacturonan andglucanwere themajor components, accounting
for 26.3 and 20.9wt% of the SEH dry weight. Galactan accounted
jointly for 8.6wt%, and arabinan for 6.9wt%. The ash content
J Chem Technol Biotechnol (2014) © 2014 Society of Chemical Industry wileyonlinelibrary.com/jctb
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Table 3. Chemical composition of the liquid and solid streams from
the three-stage aqueous extraction step
Liquors (g L−1)
Component
Washing 1
(LSR= 10)
Washing 2
(LSR= 2)
Washing 3
(LSR= 2)
Sucrose 1.40 0.80 0.40
Glucose 13.83 10.39 6.49
Fructose 9.94 6.48 4.02
Galactose 1.56 2.03 1.25
Arabinose* 0.44 0.35 0.22
GOS 2.34 0.46 0.00
GalOS 1.41 0.65 0.10
Substrate for enzymatic hydrolysis (kg 100 kg−1 SEH)
Glucan 20.9
Galactan 8.6
Arabinan* 6.9
Acetyl groups 0.8
Galacturonan 26.3
AIR 9.1
Ash 2.8
Pectin 19.8
*Including rhamnose/rhamnan traces.
GalOS, galactooligosaccharides; GOS, glucooligosaccharides; LRS,
liquor to solid ratio; SEH, substrate for enzymatic hydrolysis.
was 2.8wt%, near the result (2.5wt%) reported by Marín et al.33
Finally, the pectin content (19.8wt%) was in the range reported in
literature.34
Characterisation of commercial enzymes
According to the SEH composition, the partial hydrolysis of the
pectin fraction must lead to a POS mixture containing OGalA,
AraOS and GalOS. An eﬃcient hydrolysis requires the coopera-
tive action of several enzymatic activities, including polygalactur-
onase, arabinogalactanase and arabinase.
To assess this point, the commercial enzyme concentrates
employed in this work (Viscozyme L, Pectinase 62 L, and Pectinex
ULTRA SP-L) were assayed for their enzymatic activities. In order
to assess the possible synergistic eﬀects from the simultaneous
action of pectinases and cellulases, the utilisation of a commercial
cellulolytic complex was also considered in experiments.
The experimental results are listed in Table 4. Pectinex ULTRA
SP-L was characterised by a high polygalacturonase activity (5169
U mL−1), but its arabinogalactanase and arabinase activities were
comparatively poor. Pectinase 62 L showed acceptable arabino-
galactanase and arabinase activities, but limited polygalactur-
onase activity. Viscozyme L presented a better balance activity
proﬁle, with satisfactory arabinase and arabinogalactanase activ-
ities (275 and 96 U mL−1, respectively). The polygalacturonase
activities determined in this work were in the range reported in
literature.17,20,35
Enzymatic hydrolysis of substrates for enzymatic hydrolysis
The experimental results obtained from the seven experiments
indicated in Table 1 are discussed in the next sections:
Eﬀects caused by sterilisation
Experiments 1 and 2 were performed at a pectinase loading of
5 U g−1 (selected on the basis of previous experiments, data not
Table 4. Enzymatic activities of the commercial concentrates used
Activity
Commercial
concentrate
Arabinase
(U mL−1)
Arabinog-
alactanase
(U mL−1)
Polygala-
cturonase
(U mL−1)
Cellulase
(FPU mL−1)
Viscozyme L 275.4 95.7 4348.7 –
Pectinase 62 L 135.6 45.4 2807.2 –
Pectinex ULTRA SP-L 64.3 20.9 5169.3 –
Cellulase complex – – – 133
FPU, ﬁlter paper unit.
shown) using sterilised and non-sterilised media before enzyme
supplementation, respectively. The hydrolysis concentration pro-
ﬁles are shown in Fig. 3. Both experiments led to similar concentra-
tion proﬁles of GOS and GalOS, and just slight diﬀerences in their
concentrations were observed after 24 h. In contrast, the concen-
trations of AraOSandOGalAwere signiﬁcantly diﬀerent for the two
types of substrates. Sterilisation generated signiﬁcant amounts
of AraOS and OGalA (1.58 and 11.44 g L−1, respectively), which
were present at the beginning of experiment 1. Sterilised SEH
also presented a comparatively higher suceptibility to enzymes
leading to the formation of AraOS and OGalA, since both com-
punds increased their concentrationsup4.35 g L−1 and14.31 g L−1,
respectively. The data show that sterilisation boosted by about
35% the OGalA after 24 h, reaching almost total conversion of this
fraction, in comparison with 84.4% conversion measured for the
non-sterilised substrate. The MSacc concentrations were scarcely
aﬀected by sterilisation, even though a slightly higher concentra-
tion of galacturonic acidwas noticed in the experiment performed
with the sterilised substrate.
Eﬀects caused by cellulase supplementation
The reaction media employed in experiment 3 included cel-
lulases, in order to conﬁrm if this strategy could compensate
the favourable eﬀects caused by sterilisation. The underlying
idea is that yields in the target products could be increased by
hydrolysing glucan, as this could facilitate the access of pectinases
to pectin. Cellulase addition resulted in glucan hydrolysis into glu-
cose (which proceeded at 47.3% conversion in experiment 3, in
comparison with 15.0% conversion in experiment 2). However, lit-
tle advantage was observed in the production of OGalA, since the
conversion was almost the same achieved in experiment 2 (using
non-sterilised SEH and no cellulase supplementation). Similarly,
the production of GalOS and AraOSwas not improved by cellulase
supplementation. On the basis of these ﬁndings, cellulase supple-
mentation was not considered in further experiments.
Eﬀects of an increased pectinase charge
Experiment 4 was performed at an increased pectinase charge
(10 U g−1) to identify and quantify the possible beneﬁts. Figure 4
shows theOS andMSacc concentration proﬁles obtained in exper-
iment 4. To allow an easier comparison, the concentration proﬁles
determined in experiment 2 are also included. Increased pecti-
nase charges resulted in decreased OS yields, because a part of
OS were transformed into MSacc (which are not the target prod-
ucts of this study), and the higher conversion of the parent poly-
mer was not enough to compensate this eﬀect. For example, the
wileyonlinelibrary.com/jctb © 2014 Society of Chemical Industry J Chem Technol Biotechnol (2014)
Pectin-derived oligosaccharides from lemon peels www.soci.org
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
0 5 10 15 20 25 0 5 10 15 20 25
0 5 10 15 20 250 5 10 15 20 25
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
0
2
4
6
8
10
12
14
16
C
o
n
ce
n
tr
at
io
n
 (
g
 L
–1
)
Time (h)
(a)
MS Exp 1 MS Exp 2 OS Exp 1 OS Exp 2
(b)
(c) (d)
Figure3.Generation curves ofmonosaccharides (MSacc) and oligosaccharides (OS) for experiments 1 and 2: (a) glucose andGOS; (b) galactose andGalOS;
(c) arabinose and AraOS; (d) galacturonic acid and OGalA.
concentrations of GalOS (Fig. 4b) reached 3.65 g L−1 in media sup-
plemented with 5 U g−1 of enzyme, in comparison with 1.07 g L−1
in experiment 4 (10 U g−1). The production of AraOS and OGalA
followed a diﬀerent pattern; increasing Viscozyme charge acceler-
ated the kinetics of the initial reaction stages, but the yields after
24 h were again higher for the experiment with less enzyme sup-
plementation (74% against 66.8% AraOS conversion and 84.4%
against 73.7% OGalA conversion, respectively). So, the utilisation
of ahigher pectinase chargewasnot a suitable strategy for improv-
ing the POS yield.
Eﬀects of the pectinase charge using sterilisedmedia
Experiment 5 was performed to investigate if the results achieved
in experiment 1 (using sterilised media at a pectinase loading of 5
U g−1) could be improved by just decreasing the pectinase load-
ing to 3 U g−1. Figure 5 shows, among others, the concentration
proﬁles determined for OS and MSacc in experiment 5. In com-
parison with the data obtained in experiment 1 (see Fig. 3), it can
be seen that the generation kinetics and yields in were similar
for AraOS and OGalA; but the concentration of GalOS dropped
from 3.09 to 1.91 g L−1 after 24 h. The GalA concentration was
also lower in experiment 5 (1.37 in comparison with 2.51 g L−1 in
experiment 5), whereas similar concentrations were achieved for
the rest of MSacc.
From all the above experimental data it can be concluded
that POS manufacture from LPW is signiﬁcantly enhanced when
the media are sterilised prior to hydrolysis, and that high yields
of OGalA and AraOS can be achieved using polygalacturonase
charges as low as 3 U g−1.
Eﬀects of the enzymatic preparation
Experiments 6 and 7 were performed under the conditions of
experiment 5, except that the supplementation of enzymes was
executed using the commercial concentrates Pectinase 62 L and
Pectinex ULTRA SP-L, which provided a new distribution of enzy-
matic activities.
The experimental data in Fig. 5 conﬁrmed a similar MSacc gener-
ation (particularly Gal and Ara) in experiments 5, 6 and 7. Concern-
ing OS production, the maximum concentrations of AraOS and
OGalA were almost independent from the commercial enzyme
concentrate employed, and corresponded to yields above 94% of
the theoretical valued in all the cases. However, minor diﬀerences
were observed for the kinetics of AraOS generation in experiment
7 (slightly slower than in the other cases) and for the formation of
GalOS in experiment 5. This latter ﬁnding resulted in an increased
GalOS concentration in experiment 5 (1.91 g L−1) respect to exper-
iments 6 and 7 (0.94 and 1.28 g L−1 in experiments 6 and 7, respec-
tively). In overall terms, the highest POS yield was obtained with
the Viscozyme L concentrate.
Eﬀects of the reaction time
Starting from the conditions of experiment 5 (Fig. 5), and in order
to obtain POS with diﬀerent properties (particularly, molar mass
distribution and degree ofmethylation and degree of acetylation),
additional assays lasting 7.5 h or 24 h were performed.
Table 5 shows data deﬁning the composition of the resulting
hydrolysis media (streams A and A′ in Fig. 1). Similar MSacc con-
centration proﬁles were obtained in both cases, except for GalA
(whosemass ratio increased from 1.4 to 4.3 kg 100 kg−1 NVCwhen
J Chem Technol Biotechnol (2014) © 2014 Society of Chemical Industry wileyonlinelibrary.com/jctb
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Table 5. Composition of the streams and recovery yields (Y)
obtained during the puriﬁcation steps
Mass fraction (kg
component 100 kg−1 NVC)
Component Stream A Stream B Stream C
YDiaf
(%)
YConc
(%)
Liquors after 7.5 h
Glucose 5.8 2.7 1.9 38.1 58.4
Galactose 5.5 2.6 1.9 38.8 59.7
Arabinose* 0.1 0.1 0.1 32.8 77.2
Acetic acid 8.4 4.5 2.9 43.4 52.8
Galacturonic acid 1.4 0.9 0.8 55.4 71.3
GOS 2.0 2.5 2.9 ∼100 96.7
GalOS 3.5 3.9 4.4 92.7 90.9
AraOS* 11.4 14.2 17.1 ∼100 97.9
AcO 2.0 2.6 3.1 ∼100 ∼100
OGalA 45.4 51.5 55.9 92.9 88.3
ONVC 22.1 19.0 11.8 70.5 50.7
NVC (kg 100 kg−1
liquor)
3.2 2.6 6.3 – –
Stream A′ Stream B′ Stream C′
Liquors after 24 h
Glucose 5.5 3.1 1.8 35.4 42.8
Galactose 5.6 3.5 2.0 39.8 42.5
Arabinose* 0.1 0.1 0.1 62.4 71.6
Acetic acid 8.0 4.2 1.9 33.3 34.5
Galacturonic acid 4.3 3.8 2.8 55.4 56.4
GOS 3.9 3.1 3.6 50.9 87.8
GalOS 5.2 3.5 4.2 42.6 91.5
AraOS* 11.4 18.0 22.7 99.8 95.0
AcO 3.9 4.4 4.4 71.2 76.2
OGalA 42.6 50.4 52.6 74.6 78.7
ONVC 16.5 10.1 5.8 38.1 43.3
NVC (kg 100 kg−1
liquor)
3.5 2.2 4.9 – –
*Including rhamnose/rhamOS traces.
Aco, acetyl substituents in oligomers; AraOS, arabinooligosaccha-
rides; GalOS, galactooligosaccharides; GOS, glucooligosaccharides;
NVC, non-volatile compounds; OGalA, oligogalacturonides; ONVC,
other non-volatile components.
the reaction time increased from 7.5 h to 24 h), owing to the pro-
gressive breakdown of OGalA. The concentrations of the various
types of OS were slightly higher in the experiment lasting 24 h.
A similar behaviour was observed for AcO, revealing an increased
degree of acetylation for OS obtained in the experiment lasting
24 h.
Membrane processing of hydrolysis media
The selected hydrolysis media were processed by sequential
stages of diaﬁltration and concentration to remove MSacc and
other unwanted compounds (measured by the ONVC fraction)
selectively, resulting in concentrates with improved POS con-
tents. Membrane processing has been used previously for OS
puriﬁcation.12
Diaﬁltration
Table 5 lists data concerning the compositions of the solutions
subjected to diaﬁltration (streams A and A′ in Fig. 1) and the corre-
sponding retentates (streams B and B′), as well as data concerning
the recovery yields (Y i) for the various components [Eqn (1)].
Diaﬁltration of the hydrolysis medium corresponding to the
reaction lasting 7.5 h led to a retentate keepingmost OS present in
the feed stream, with recovery yields in the range 92.7–100% (see
results in Table 5). When the duration of the enzymatic hydrolysis
stage was prolonged up to 24 h, themajor reaction products were
OS of lower DP, which permeated the membrane to a higher
extent. Because of this, the recovery yields (particularly, those of
GOS and GalOS) decreased with respect to the previous case.
González-Muñoz et al.25 used a similar approach for purifying OS
from pine wood hemicelluloses, reaching recovery yields in the
range reported in this work. Diaﬁltration resulted in decreased
recovery yields of MSacc (in the range 33–62% for the two types
of hydrolysis media), whereas the recovery of galacturonic acid in
the retentate accounted from 55.4% of the initial amount.
Finally, the recovery yield determined for ONVC was lower using
the medium hydrolysed for 24 h (38.1% in comparison with 70.5%
determined for the medium hydrolysed for 7.5 h). As a conse-
quence, the ONVC content of this latter type of feed solution (19 g
100 g−1 NVC B) was higher than in the other case (10.1 g 100 g−1
NVC B′).
Concentration stage
For concentration and further puriﬁcation, the diaﬁltration reten-
tates (streams B and B′ in Fig. 1) were subjected to a concentration
stage operating at a concentration factor of 2.9. The resulting
concentrates (streams C and C′ in Fig. 1) showed the composition
speciﬁed in Table 5, which also includes the recovery yields. MSacc
were recovered at 58.4–77.2% yield when processing themedium
hydrolysed for 7.5 h, and reached lower values when using the
medium hydrolysed for 24 h. The recovery yields of OS were
closely related to the ones determined for the diaﬁltration stage:
the highest recovery yields (in the range 88–100%) were achieved
with the medium hydrolysed for 7.5 h. The lower recovery yields
achieved with the medium hydrolysed for 24 h (78.7–95%) are
again ascribed to the smaller sizes of oligomers, which facilitate
their permeation. Concentration also allowed 50– 57% ONVC
removal, resulting in concentrates with a degree of purity similar
to those reported in related studies.36,37
In overall, the sequential stages of diaﬁltration and concentra-
tion resulted in the selective removal of MSacc and ONVC, which
were compatible with high OS recovery yields and with the pro-
duction of POS mixtures with high OS contents (83.4% and 87.5%
for streamsC andC′, respectively) and limitedOCNV contents (11.8
and 5.8% for streams C and C′, respectively).
In order to have a more detailed composition of the ﬁnal reﬁned
products (C and C′), additional chemical analyses were carried
out by GC-FLD. Moreover, GalA content was determined follow-
ing the method indicated in the Materials and methods section.
Table 6. Additional composition data of the ﬁnal dry reﬁned
products
Sugar composition (wt/wt%)
Degree of
esteriﬁcation
(%)
Stream Rham Ara Xyl Man Gal Gluc GalA DM DA
C (7.5 h) 0.69 15.51 0.48 1.07 3.70 2.85 57.35 43.4 5.5
C′ (24 h) 0.91 21.23 0.74 1.17 4.27 3.48 55.70 37.4 8.6
DA, degree of acylation; DM, degree of methylation.
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Figure 6. High-performance size exclusion chromatography analysis (HPSEC) chromatograms of streams C and C′ (with indication of pullulan standards).
The results are shown in Table 6 and a good reproducibility
was observed in relation to the data included in Table 5 except
for total glucose. The degrees of methylation and acetylation
were also determined showing that a higher degree of methyla-
tion and lower degree of acetylation were observed in stream C
(obtained after 7.5 h of enzymatic hydrolysis) in comparison with
stream C′.
Chemical characterisation of the reﬁned products
High-performance size exclusion chromatography analysis
In order to visualise the size diﬀerences between the prod-
ucts obtained at two speciﬁc reaction times (7.5 h and 24 h),
the molecular weight distribution was determined by using
high-performance size exclusion chromatography analysis pro-
vided with a refractive index detector. Figure 6 shows both
chromatograms. As can be seen, both samples contain OS with a
similar range of molecular weight (overlapping) but longer enzy-
matic treatment led to mixtures richer in lower molecular weight
OS. At 24 h, the hydrolysates mainly contain OS with a molecular
weight in the range 5900 to 738Da whereas oligomers with a
molecular weight greater than 5.9 kDa were the most abundant in
samples obtained at t= 7.5 h.
High-performance anion exchange chromatography analysis
Additional information on the composition of streams C and C′
can be obtained by HPAEC. Figure 2 shows the chromatograms
obtained for both streams using the same dilution factor in both
cases to obtain comparable chromatograms.
Most of the peaks in the chromatogramof puriﬁed POS obtained
from the medium hydrolysed for 24 h showed higher areas
than the ones present in the chromatogram corresponding to
the stream C, conﬁrming the presence of higher amounts of
low/intermediate molecular weight OGalA (it can be noted that
higher oligomers are eluted at longer times). The opposite situa-
tion (larger peaks in the chromatogram obtained for the medium
hydrolysed for 7.5 h) was observed for compounds eluting after
55min, corresponding to high molecular weight OGalA. This
fact has been conﬁrmed by the quantiﬁcation carried out using
Table 7. Product distribution in streams C and C′ obtained by
HPAEC-PAD/UV analysis
Oligogalacturonides Stream C (7.5 h) Stream C’ (24 h)
Saturated OGalA
DP1 2.7 3.2
DP2 0.9 1.6
DP3 1.4 2.6
DP4 4.9 10.9
DP5 3.7 10.3
DP6 3.4 5.3
DP7 5.1 7.3
DP8 4.9 7.7
DP9 5.0 7.1
DP10 3.8 3.5
DP11 3.6 2.8
DP12 1.7 2.2
Total saturated OGalA 38.5 61.3
Unsaturated OGalA
DP2 0.1 0.1
DP3 0.4 0.6
DP4 0.0 0.0
DP5 0.7 1.4
DP6 1.2 1.8
DP7 3.3 2.8
DP8 3.4 2.8
DP9 4.4 3.9
DP10 2.5 3.2
DP11 4.5 -
Total unsaturated OGalA 20.3 16.6
TOTAL (%) 58.8 77.7
Results are expressed as % of the total galacturonic acid (GalA)
content.
DP, degree of polymerisation; OGalA, oligogalacturonides.
Eqn (3) and OGalA standards. Table 7 shows in detail the product
distribution. As can be seen, 49.1% and 48.2% of the total GalA in
stream C were present in form of saturated or unsaturated OGalA
oligomers with DP 2–10 and DP> 10, respectively. By contrast,
these values were 72.8 and 24.0% in stream C′.
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Figure 7. Hydrophilic interaction liquid chromatography (HILIC) elution proﬁle of streams C and C′ . Peak annotation: U520, DP 5, two O-methylesters and
zero O-acetyl groups, U= unsaturated GalA.
In addition, some neutral OSwere identiﬁed in the Fig. 2 as XOS2,
GOS2, GalOS (DP 2, 3, 7 and 15) and AraOS (DP 2–3), showing
similar areas in both chromatograms, except in the case of GOS2.
Hydrophilic interaction liquid chromatography analysis
A combined HILIC-ELSD-MS method was applied to separate,
indentify and quantify mixtures of GalA oligomers generated after
the action of the enzymes. Information about the presence of
methyl and acetyl groups in oligomers can also be obtained. The
elution behaviour depends on the charge and it is also inﬂuenced
by the size of the oligomers (with a limit of detection around
DP= 10) as can be seen in Fig. 7. Similar HILIC elution patterns
were found for both ﬁnal products, being the intensity of the
peaks the main diﬀerence; as it was expected the intensity was
higher in stream C′. Figure 7 illustrates that, besides the unsub-
stituted dimer (200) and trimer (300), partially methylesteriﬁed sat-
urated GalA oligomers with diﬀerent DP values (at least from 3
to 8) were present as main products. Moreover, partially acety-
lated RG-I-derived oligomer ((Rha-GalA)2Ac) as well as a partially
methylated unsaturated pentamer of GalA were also identiﬁed.
The OGalA quantiﬁed by ELSD represented 25% and 49.5% of the
total GalA present in the C and C′ samples, respectively. These val-
ues are similar to those obtained by HPAEC for oligomers with DP
2–9 (29.4% and 52.7%, respectively).
MALDI-TOF-MS analysis
Deep insight on the structure of POS from both hydrolysates was
achieved from MALDI-TOF MS data (Fig. 8). The MALDI-TOF MS
spectrum for concentrate C conﬁrmed the presence of a wide
range of POS components. The data of Table 5 and Table 6 sug-
gest that hexoses correspond to galactose and/or glucose and the
pentoses are mainly arabinose. Oligomers made up of pentoses
(Pent4), hexoses (Hex3 and Hex4) or the combinations Hex4Pent
and Hex4Pent2) could come from galactan, arabinan and/or ara-
binogalactan and the most intense signals correspond to partially
methylesteriﬁed OGalA generated from homogalacturonan frag-
ments which is in agreement with the degree of methylation val-
ues shown in Table 6. On the other hand, more complex oligomers
consisting in combinations of neutral sugars and GalA containing
methyl and acetyl groups were also present in minor amounts.
Similar structures were found in C′ stream, with the highest
intensity in the signals withm/z values of 771 and 949 correspond-
ing with OGalA DP 4 and 5 with two methyl groups (the main
oligomers in stream C′ as can be seen in Table 7). Other oligosac-
charides (DP 6 to 10) were also detected at lower intensities. Low
amounts of oligomers with DP> 10 were detected by MALDI-TOF
in sample C′, a fact in contrast with the results obtained in sam-
ple C.
Material balances
Figure 1 shows data concerning material balances. Starting from
100 kg of LPW, the hydrolysis reaction performed under selected
conditions for 7.5 h resulted in the production of 16.5 kg POS
(mainly OGalA and AraOS), and 3.3 kg of MSacc. When the hydrol-
ysis reaction is carried out for 24 h under the same conditions,
19.4 kg of POS and 4.4 kg of MSacc were obtained. These results
compare favourably with those reported for oligosaccharideman-
ufacture from sugar beet pulp and orange peel wastes.18,19
Puriﬁcation of the hydrolysed media enabled the production of
POS at diﬀerent yields for the two hydrolysis times (14.5 kg when
the reaction lasted 7.5 h, and 11.9 kg when the reaction lasted
24 h). The product obtained at the highest yield contained 9.5 kg
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Figure 8.Matrix-assisted laser desorption/ionisation–time of ﬂight (MALDI-TOF) mass spectra of streams C and C′ .
of OGalA and 2.9 kg of AraOS, whereas the product obtained at the
lowest yield contained 7.1 kg of OGalA and 3.1 kg of AraOS.
The proposed process also enables the production of a liquid
phase (42.5 kg) containing sugars, which can be used, for example,
as a fermentation medium.
CONCLUSIONS
LPW was employed as a raw material for obtaining puriﬁed
concentrates mainly made up of POS. The proposed scheme is
a simple three-stage process that involves water extraction of
soluble sugars, enzymatic hydrolysis of water-extracted solids
and puriﬁcation of the hydrolysis media by membrane process-
ing (diaﬁltration followed by concentration). Operating under
selected conditions, two concentrates (containing OGalA, as the
major components, as well as AraOS, GalOS and AraGalOS) with
diﬀerent molar mass distribution were obtained: one of them
(obtained after 24 h of hydrolysis) rich in partially methylated
OGalA with DP in the range 2–10 (72.8% of total GalA moieties)
and other one (obtained after 7.5 h of hydrolysis) rich in partially
methylated oligogalacturonides with DP> 10 (48.2% of total GalA
moieties). Moreover, themethylation and acetylation degree were
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also slightly diﬀerent for both products (43.4% and 5.5% vs. 37.4%
and 8.6% respectively). The degrees of purity were comparable to
the ones of commercial prebiotics as their non-volatile impurities
content were 11.8% and 5.8%.
Therefore, both concentrates contains a wide variety of com-
ponents showing diﬀerences in their composition and structures
and this could be reﬂected in their biological eﬀects. According to
previous studies, neutral POS (arabinooligosacharides and galac-
tooligosaccharides) were selective substrates for biﬁdobacteria
whereas, for instance, partially methylated oligogalacturonides
and methyl pectin support the growth of Faecalibacterium praus-
nitzii, a bacterial species recently considered as beneﬁcial. More-
over, low DP could be preferentially fermented in the proximal
colonwhereas high DP oligomers or polymers could reach the dis-
tal part of the colon, but further work is needed to compare their
fermentability and to evaluate their prebiotic potential.
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Abstract 
 
Mixtures of pectic oligosaccharides (POS) were produced by aqueous processing of apple 
pomace, refined by membrane filtration, dehydrated and assayed for prebiotic potential. 
Refining resulted in the removal of high percentages of undesired compounds, including 
monosaccharides (MS) and non-saccharide products. The final concentrate, obtained at a 
yield of 20 g/100 g dry AP, contained 91.6 wt% of oligomers (oligogalacturonides, 
arabinooligosaccharides and galactooligosaccharides). 
The prebiotic potential of the refined POS was evaluated by in vitro fermentation assays 
using human fecal inocula from three elder volunteers. The concentrations of short chain fatty 
acids and lactate, as well as the counts of bifidobacteria and lactobacilli, confirmed the 
favourable properties of POS. Bacteroides and clostridia did not show significant variations. 
 
Introduction 
 
The progressive increase in the proportion of the elderly respect to the total population (in 
Spain, the people older than 65 is expected to account for about 25% of the total by 2030) 
emphasizes the importance of elder people´s health. For example, the incidence of 
gastrointestinal and metabolic diseases or colon cancer increases markedly with age.  
It is well known that the intestinal microbiota plays a key role on the host health. The 
nutritional intervention (including the administration of prebiotics) is a useful tool for disease 
prevention. There is a growing interest in the search for new oligosaccharides with improved 
functional properties. Among them, the pectic oligosaccharides (POS) are currently under 
evaluation. POS have been classified as “emerging prebiotics” owing to their biological 
properties, (1) but more research has to be done to develop new production technologies and 
to assess their biological properties. 
This work deals with the manufacture of POS from apple pomace (AP) and with the 
evaluation of their prebiotic potential by in vitro fermentation using fecal inocula from three 
elder people. 
 
Materials and Methods 
 
POS production and membrane refining. POS were produced by aqueous processing 
(autohydrolysis) of AP, under reported conditions (liquid to solid ratio, 10 g of water/g of dry 
AP; 140 ºC for 18.5 min). (2, 3) The liquid phase was recovered by centrifugation, weighed, 
analyzed and subjected to discontinuous diafiltration at a transmembrane pressure (TMP) of 4 
bar using a regenerated cellulose membrane (molecular weight cut off= 1 kDa) at a water to 
sample mass ratio of 5 g/g. The resulting solution was concentrated up to achieve the original 
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feed volume. The diafiltered solution (retentate) was subjected to dead-end filtration up to 
achieve a volume concentration ratio of 5. The final retentate was assayed for composition, 
freeze-dried and used as a substrate for in vitro fermentation. Analyses were carried out as 
per Gullón et al. 2011 (4). 
In vitro Fermentation Assays. The fecal inocula were obtained from three healthy elder 
volunteers (age > 60 years). Samples of POS were fermented as described by Gullón et al. 
2011 (4).  
Fluorescent In Situ Hybridization (FISH). Changes in human fecal bacterial populations were 
assessed by FISH using the following 16S rRNA probes: Lab158 
(Lactobacillus/Enterococcus group), Bif 164 (Bifidobacterium genus), Bac 303 
(Bacteroides/Prevotella group) and His150 (clusters I and II of Clostridium). For 
measurement of total cells, samples were stained with 4′,6-diamidino-2-phenylindole (DAPI).  
Statistical Analysis. Statistical analysis was performed using SPSS for Windows version 20 
(SPSS Inc., Chicago, Illinois, USA). Differences between bacterial populations and acid 
concentrations were tested using one-way analysis of variance (ANOVA) and the Tukey’s 
post hoc test was applied. Differences were considered to be significant when p < 0.05. 
 
Results and Discussion 
 
POS composition. Table 1 shows the composition of the raw liquor from AP autohydrolysis, 
which was characterized by high proportions of MS (52.9%) and non-saccharide compounds 
(12.5%).  Membrane processing (diafiltration followed by concentration) removed 94 and 
97% of the non-saccharide compounds and MS, respectively; yielding a product containing 
91.6 wt% of oligosaccharides with just 2.7 wt% of non saccharide products (in the range 
found for commercial prebiotics).  
 
Table 1. Composition of raw and refined products (expressed as mass fractions, g component/g product) 
 MS* GOS GalOS+XOS AraOS AcO** OGalA Impurities 
Unrefined product 0.529 0.046 0.041 0.087 0.001 0.171 0.125 
Refined product 0.057 0.083 0.138 0.243 0.008 0.444 0.027 
*Monosaccharides (glucose, xylose, arabinose, rhamnose and galactose). ** Acetyl groups 
 
In vitro fermentation assays. Preliminary in vitro fermentation experiments were performed 
with human fecal inocula from three healthy elder volunteers to assess the prebiotic potential 
of the refined product, using reported conditions.(4) For comparison, cultures containing FOS 
as a carbon source and negative controls (without carbon source) were also performed. 
Effects on the pH and the SCFA production. Fecal fermentation of media resulted in the 
production of SFCA, lactic acid and gas, as well as in decreased pH (see Table 2). The major 
pH drop took place in the first 7-11 h, depending on the donor. Similar pH was found after 29 
h in all the media containing POS, no matter of the donor. The more acidic media were 
obtained in experiments with FOS. Table 3 lists the concentrations of SCFA and lactic acid in 
the various types of media. In comparison with FOS, the media containing POS led to higher 
acetate concentrations and to propionate and butyric contents in the same range. After 11 and 
29 h, the acetic acid concentrations achieved in media containing POS were statistically 
different from the ones containing FOS. Lactate was detected at low concentrations in 
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cultures containing POS, a finding in agreement with reported results.(4, 5) SCFA increased 
during the 29 h of fermentation using POS or FOS as substrates, with the order POS > FOS.  
These results are coherent with the data obtained for bacterial counts (Figure 1). Although 
ascribing a fermentation product to a specific bacterial group in a mixed culture is 
problematic, it is well known that the major end-products of the bifidobacterial and 
lactobacilli metabolic pathways are acetic and lactic acid. (6) So, the increased concentrations 
of these compounds could be explained by the increased populations of both groups. 
 
Table 2.Evolution of pH in fermentation broths 
 Control  FOS POS  
Time A B C A B C A B C 
0 6.91 6.85 6.86 6.92 6.86 6.77 6.91 6.81 6.70 
7 7.11 6.90 6.75 6.53 5.18 4.95 6.28 5.58 5.29 
11 7.23 6.93 6.75 5.41 4.95 4.80 5.62 5.41 5.13 
29 7.10 6.76 6.65 5.55 4.92 4.88 5.34 5.22 5.19 
 
 
Table 3. Concentrations of Lactic Acid and Short-Chain Fatty Acids (SCFA) (g/L) in the various media 
 Lactic acid Acetic acid Propionic acid Butyric acid 
7 h 11 h 29 h 7 h 11 h 29 h 7 h 11 h 29 h 7 h 11 h 29 h 
POS  0.36 
(0.34)a 
0.01 
(0.01)a 
0.00 
(0.00)a 
3.13 
(0.81)b 
4.14 
(0.46)c 
4.83 
(0.06)c 
0.41 
(0.16)a 
0.67 
(0.39)a 
1.00 
(0.22)b 
0.61 
(0.12)b 
1.13 
(0.06)b 
1.55 
(0.21)b 
FOS 0.96 
(0.74)a 
1.26 
(0.71)b 
1.04 
(0.91)a 
1.86 
(0.50)ab 
2.62 
(0.14)b 
2.71 
(0.16)b 
0.35 
(0.25)a 
0.50 
(0.32)a 
0.72 
(0.17)ab 
0.72 
(0.25)b 
1.38 
(0.06)c 
1.89 
(0.31)b 
Control 0.00 
(0.00)a 
0.00 
(0.00)a 
0.00 
(0.00)a 
0.55 
(0.11)a 
0.92 
(0.15)a 
1.45 
(0.16)a 
0.213 
(0.07)a 
0.25 
(0.07)a 
0.42 
(0.14)a 
0.15 
(0.07)a 
0.28 
(0.10)a 
0.52 
(0.09)a 
* Standard deviation in parentheses. Different letters indicate significant differences (p <0.05) among carbon 
sources 
 
Effects on the microbiota. The results displayed in Figure 1 show that the increase of counts 
of the various bacterial groups depended on both the carbon source and the donor. 
Remarkable increases of total bacteria were observed after 20 h in media containing POS or 
FOS. Lactobacillus/Enterococcus and Bifidobacterium showed a similar behavior with both 
types of carbon sources. After 7 h of incubation, significant changes (p > 0.05) were observed 
just for Lab 158, but after 20 h, significant increases of groups Bif 164 and Lab 158 (p < 
0.05) were observed for media containing POS or FOS respect to the control. In overall 
terms, POS caused stimulatory effects on the bifidobacteria and lactobacilli populations. The 
intensity of stimulation was similar to the one determined for commercial FOS. 
The increases in the populations of Lactobacillus and Bifidobacterium were coherent with the 
rapid increase in acetic acid during the early stages of fermentation (11 h). This bifidogenic 
effect is in agreement with the results reported by Gullón et al. (4) POS derived from citrus 
and apple pectin have also been reported to increase the growth of selected strains of 
Bifidobacterium. (7) Bacteroides also contributed to the increase of total cells at 20 h (an 
increase of 0.6 log cell/mL was observed in POS and FOS cultures), although this increase 
was not statistically significant at the 95% confidence level. Bacteroides is a genus with 
versatile metabolism, able to use many types of substrates producing propionic acid. (8) The 
Bacteroides counts may explain the increase observed in the propionic acid concentration. 
Oppositely, no significant changes were observed the Clostridium populations along the 
entire fermentation time for both POS and FOS. 
! ! !
! 69!
 
Figure 1. Increases (respect to time 0 h) of Bifidobacterium spp (Bif 164), Lactobacillus/Enterococcus (Lab 
158), Clostridium (His 150), Bacteroides (Bac 303) and total bacterial for control and media containing POS, 
FOS. Error bars indicate standard deviations. (∗) Significant differences (p < 0.05). 
 
 
 
Conclusions  
 
A mixture of refined POS was manufactured and employed as a fermentation substrates using 
fecal cultures from healthy elder donors. The experimental results confirm that POS were 
fermented by Bifidobacterium and Lactobacillus, producing high amounts of SCFA and 
showing a prebiotic potential similar to the one of commercial FOS.  
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Oligosaccharides from Orange Peel Wastes
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#Center for Biotechnology and Fine Chemistry (CBQF), Portuguese Catholic University, Rua Dr. Antońio Bernardino de Almeida,
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ABSTRACT: Pectic oligosaccharides (POS) were obtained by hydrothermal treatment of orange peel wastes (OPW) and
puriﬁed by membrane ﬁltration to yield a reﬁned product containing 90 wt % of the target products. AraOS (DP 3−21), GalOS
(DP 5−12), and OGalA (DP 2−12, with variable DM) were identiﬁed in POS mixtures, but long-chain products were also
present. The prebiotic potential of the concentrate was assessed by in vitro fermentation using human fecal inocula. For
comparative purposes, similar experiments were performed using orange pectin and commercial fructo-oligosaccharides (FOS) as
substrates for fermentation. The dynamics of selected microbial populations was assessed by ﬂuorescent in situ hybridization
(FISH). Gas generation, pH, and short-chain fatty acid (SCFA) production were also measured. Under the tested conditions, all
of the considered substrates were utilized by the microbiota, and fermentation resulted in increased numbers of all the bacterial
groups, but the ﬁnal proﬁle of the microbial population depended on the considered carbon source. POS boosted particularly the
numbers of biﬁdobacteria and lactobacilli, so that the ratio between the joint counts of both genera and the total cell number
increased from 17% in the inocula to 27% upon fermentation. SCFA generation from POS fermentation was similar to that
observed with FOS, but pectin fermentation resulted in reduced butyrate generation.
KEYWORDS: prebiotics, orange peel wastes, pectin, POS, FOS, FISH, SCFA
■ INTRODUCTION
The International Scientiﬁc Association of Probiotics and
Prebiotics deﬁned a dietary prebiotic as “a selectively fermented
ingredient that results in speciﬁc changes in the composition
and/or activity of the gastrointestinal microbiota, thus conferring
beneﬁt(s) upon host health”.1
The intestinal fermentation of prebiotics by the microbiota
results in a variety of health beneﬁts, including relief of con-
stipation, reduction of the blood glucose level, improvement of
mineral absorption, regulation of lipid metabolism, decrease of
the incidence of colonic cancer, and modulation of the immune
system.2
Four types of commercial saccharides are currently accepted
as prebiotics: inulin, fructo-oligosaccharides (FOS), galacto-
oligosaccharides (GalOS), and lactulose. However, there is a
growing interest in the search for new prebiotics with improved
functional properties.3 Pectic oligosaccharides (POS) have been
identiﬁed as promising prebiotic candidates as well.4
POS can be obtained from pectin or pectin-containing
feedstocks (for example, orange peels, lemon peels, apple pom-
ace, or sugar beet pulp) using a number of technologies.5−9 The
biological properties of POS depend on factors such as molecular
weight distribution, degree of esteriﬁcation, and the type of
constituents.2
Several research groups have studied the healthy eﬀects of
POS, including anticancer, antiobesity, and antioxidant properties.2
Hotchkiss et al.10 and Manderson et al.11 reported biﬁdogenic
eﬀects for POS from Valencia oranges and orange peels.
However, scarce information is available, and the results are
contradictory in some cases, making additional research
necessary before reﬁned POS can be accepted as prebiotics
and produced at an industrial level for that purpose.
In this context, Martinez et al.6,7 used orange peel wastes as a
raw material for manufacturing POS mixtures (mainly made up
of oligogalacturonides (OGalA), arabino-oligosaccharides
(AraOS), and GalOS) by partial hydrolysis of pectin. When
pectin depolymerization is carried out by chemical methods
(for example, by autohydrolysis or prehydrolysis), a variety of
undesired, nonvolatile impurities (such as mineral salts,
monosaccharides, or lignin-derived products) are also present
in the liquid phase of the reaction media, which must be pro-
cessed to obtain a reﬁned product suitable as a food ingredient.
For this purpose, membrane separation (already used in a variety
of ﬁelds such as the food, beverage, biotech, or pharmaceutical
industries) is a suitable technology. Several works have
conﬁrmed the potential of membrane ﬁltration for purifying
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and/or concentrating the mixtures of oligosaccharides (OS) gen-
erated by hydrothermolysis.8,12−15
On the other hand, orange peel wastes (OPW) is also used as
raw material for pectin production, which is used in the food
industry as an ingredient of drugs used to treat gastrointestinal
disorders, diabetes, and high blood pressure or to reduce blood
cholesterol.16−18
This work deals with (i) the manufacture of POS mixtures ob-
tained from OPW by hydrothermal processing and their reﬁning
using membranes; (ii) characterization of the chemical com-
position and structure of POS; (iii) evaluation of the prebiotic
potential of reﬁned POS by in vitro fermentation with human
fecal inocula; and (iv) comparison of the POS prebiotic pro-
perties with those of orange pectin and commercial FOS. The
prebiotic potential of the various substrates was assessed by
measuring the dynamics of selected microbial populations using
the ﬂuorescent in situ hybridization (FISH) technique, as well as
by measuring gas generation, pH, and production of short-chain
fatty acids (SCFAs).
■ MATERIALS AND METHODS
RawMaterial.OPW samples were kindly supplied by Indulleida S.A.
(Lleida, Spain). To avoid variations in the composition of the raw
material, all of the samples were mixed in a single lot, which was stored at
−18 °C until use. When necessary, a portion of this lot was defrosted,
milled, and used for analytical determinations or processing according to
the methods listed below.
Production and Puriﬁcation of Pectin-Derived Oligosacchar-
ides. POS-containing liquors were obtained by OPW hydrothermal
treatment under conditions reported as optimal (maximum temper-
ature, 160 °C; severity factor of 288 min)6 and puriﬁed by a two-step
membrane process (discontinuous diaﬁltration and concentration) ac-
cording to the scheme shown in Figure 1 and following the samemethod
indicated by Goḿez et al.8 previously. The diaﬁltered solution was
subjected to membrane concentration to reach a volume concentration
ratio (VCR) of 3.60.
To assess the scaling of membrane puriﬁcation, samples were puriﬁed
in an experimental setup made up of the following elements: a spiral
wound membrane (regenerated cellulose, 1 kDa, reference TFF6 from
Millipore), a 30 L feed-tank with a coil for temperature control, a dia-
phragm pump (Hydra-cell, Wanner Engineering Inc.), two pressure
gauges at the membrane inlet and outlet to measure the transmembrane
pressure (TMP), a needle valve located after the membrane to achieve
the desired TMP, and a ﬂowmeter to measure the recirculation ﬂow.
Operation was performed at TMP = 4 bar. A total volume of 27 L (4.5 L
of stream A and 22.5 L of distilled water) was treated in this setup. The
reﬁned product (stream D′) was freeze-dried and used as a carbon
source for fermentation.
Pectin Extraction. OPW samples were extracted with water to
reduce the free sugar content,6 and pectin was obtained from the
insoluble fraction by acid extraction as described Hwang et al.19
POS Mixtures Fractionation by Semipreparative Anion
Exchange Chromatography. A freeze-dried sample from stream D
was diluted with water (10.2 mL) to a solute content of 5 g/L, and the
solution was loaded into a column (30 × 2.6 cm) containing DEAE-
Sepharose CL 6B pre-equilibrated with distilled water. The system was
eluted sequentially with distilled water, 0.1 M NaCl, 0.2 M NaCl, and
0.3 M NaCl (1 mL/min, 750 min per solution). Fractions of the eluate
(9 mL) were collected and assayed for uronic acids. Four pools were
prepared by mixing the appropriate fractions. NaCl-containing pools
Figure 1. Scheme of the process.
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were desalted and concentrated by nanoﬁltration through a 300 Da
molecular weight cutoﬀ in the Amicon cell before analysis.
In Vitro Fermentation Assays. Samples of reﬁned POS (streamD′
in Figure 1) and orange pectin were assayed for in vitro fermentability
according the method of Gulloń et al.15 FOS (Sigma) were included as a
positive control, and medium without carbon source was used as neg-
ative control. Gas generation was measured by inserting a sterile needle
into the butyl rubber septum of each tube, and the pressure buildup in
the headspace was measured in milliliters. Cells were harvested by
centrifugation (10000 rpm), and the supernatants were ﬁltered through
0.20 mm cellulose acetate membranes (Sartorius stedim biotech,
Germany) before HPLC analysis and pH measurement. Cell pellets
were used for counting the selected bacterial groups by FISH. All
additions and inoculations were carried out under anaerobic conditions,
in a cabinet ﬂushed with a gas stream containing 5% H2, 10% CO2, and
85% N2.
Fluorescent in Situ Hybridization. Changes in bacterial populations
were measured by FISH using synthetic oligonucleotide probes
targeting speciﬁc regions of the 16S rRNA molecule, labeled with the
ﬂuorescent dye Cy3 (Sigma). Assays were performed for the following
groups: Biﬁdobacterium (Bif164 probe), Lactobacillus/Enterococcus
(Lab158 probe), Bacteroides/Prevotella (Bac303 probe), Clostridium
histolyticum group clusters I and II (Chis150 probe), Atopobium cluster
(Ato291 probe), Clostridium coccoides/Eubacterium rectale group
(Clostridium clusters XIVa+b; Erec482 probe), Faecalibacterium
prausnitzii and relatives (Fpra655 probe), and Roseburia intestinalis
subcluster (Rint623 probe).20,21 Total cell counts were performed by
staining with 4′,6-diamidino-2-phenylindole (DAPI). At least 15 ﬁelds
per sample were considered.
Statistical Analysis. Diﬀerences in bacterial populations and acid
concentrations were tested using one-way analysis of variance
(ANOVA) and Tukey’s post hoc test. Diﬀerences were considered
signiﬁcant when p < 0.05.
Enzymatic Degradation of Reﬁned POS and Pectin. Five
milligrams of reﬁned POS (stream D′) was dissolved into 1 mL of
sodium acetate buﬀer (50 mM, pH 5.4) and incubated in shaken ﬂasks
at 40 °C sequentially with pectin lyase (PL) from Aspergillus niger for 6 h
and endopolygalacturonase (PG) from Kluyveromyces fragilis for 18 h.22
The amount of enzymes was selected to produce low-DP GalA
oligomers. After incubation, enzymes were inactivated by heating at
100 °C for 5 min, the digest was centrifuged for 10 min at 19500g, and
the supernatant was analyzed by high-performance anion exchange
chromatography (HPAEC).
Analytical Methods. Analysis of Liquors. As a ﬁrst approach,
samples of streams A, B, D, B′, and D′ were centrifuged, ﬁltered through
0.45 μm cellulose acetate membranes, and assayed for GalA, glucose,
galactose, arabinose, and acetic acid by HPLC. Analyses were performed
using a 1260 series Agilent chromatograph ﬁtted with a refractive index
detector and a Bio-Rad Aminex HPX- 87H column, which was eluted
with 0.003 M H2SO4 at 50 °C at 0.6 mL/min. Galactose and arabi-
nose peaks can also include traces of xylose and rhamnose, respectively.
The content of nonvolatile compounds (NVC), other nonvolatile
compounds (ONVC), and oligomers was calculated as described
previously.8
To get a more complete information, sugar composition of the ﬁnal
POS stream D′ was also quantiﬁed by GC as alditol acetates and the
uronic acids were determined colorimetrically with 3-phenylphenol
using an automated analyzer.23 The degree of methylesteriﬁcation
(DM) was determined by a colorimetric method24 after saponiﬁcation
with 1MNaOH at room temperature, whereas the degree of acetylation
(DA) was analyzed using the Megazyme acetic acid kit.22 Orange pectin
samples were subjected to the same analyses.
High-Performance Anion-Exchange Chromatography with
Pulsed Amperometric Detection (HPAEC-PAD). The neutral sugar
constituents of POS pools (from stream D) isolated by column chro-
matography were determined by HPAEC-PAD after acid posthydrolysis
(4 g sulfuric acid/100 g solution at 121 °C for 20 min).8 Uronic acids
were quantitated by using the method mentioned above (see results in
Figure 2).
POS in the various process streams were analyzed by HPAEC
using an ICS5000 HPAEC instrument (Dionex Corp., Sunnyvale, CA,
USA) ﬁtted with pulsed amperometric and diode array detectors
(HPAEC-PAD/UV), with a CarboPac PA-1 column (2 mm i.d. ×
250 mm) and a CarboPac PA guard column (2 mm i.d. × 25 mm).
The ﬂow rate was 0.3 mL/min, and the column temperature was 20 °C.
The mobile phases were (A) 0.1 M NaOH and (B) 1 M NaOAc in
0.1 M NaOH. The elution proﬁle was as follows: 0−15 min, 0−5% B;
15−60 min, 5−70% B; 60−65 min, 70−100% B; 65−70 min, 100% B;
70−70.1 min, 100−0% B; and ﬁnally column re-equilibration by 0% B
from 70.1 to 85 min. Saturated (DP 2−5) and unsaturated (DP 2−6)
OGalA and neutral (AraOS and GalOS) standards were used for
identiﬁcation and quantiﬁcation. The quantiﬁcation of higher DP
OGalA was carried out using the equation
= ×kPAD peak area
GalA concn
DPn
which relates PAD peak area, GalA concentration, and DP being k =
0.733 and n = −1.06 for saturated OGalA and k = 0.938 and n = −1.42
for unsaturated OGalA.
High-Performance Size Exclusion Chromatography (HPSEC).
Stream D′ and pectin samples were analyzed by HPSEC using an Ulti-
mate 3000 system (Dionex). A set of four TSK-Gel super AW columns
(Tosoh Bioscience, Tokyo, Japan) was used in series: one guard column
(6 mm i.d. × 40 mm) and the three separation columns 4000, 3000, and
2500 (6 mm× 150 mm). The column temperature was set at 55 °C, and
samples (20 μL, 2.5 mg/mL) were eluted with ﬁltered 0.2MNaNO3 at a
ﬂow rate of 0.6 mL/min. Elution was monitored using a refractive index
detector (Shodex RI 101; Showa Denko K.K., Kawasaki, Japan). Pectin
standards were included (82000, 63900, and 51400 Da).
Hydrophilic Interaction Liquid Chromatography (HILIC). Pools II
and III from stream D were diluted (1:1 v/v) with acetonitrile and
analyzed using an Accela UHPLC system (Thermo Scientiﬁc, Waltham,
MA, USA) coupled to an evaporative light scattering detector (Agilent
1200 series, Gen Tech Scientiﬁc Inc., Arcade, NY, USA) and an ESI-IT-
MS-detector (LTQ Velos Pro ion trap MS, Thermo Scientiﬁc) as de-
scribed previously by Remoroza et al.25 Elution was performed at a ﬂow
rate of 300 μL/min and the column temperature was kept at 35 °C. The
injection volume was 5 μL.
The elution proﬁle used was slightly modiﬁed: 0−1 min, isocratic
80% B; 1−31 min, linear from 80 to 60% B; followed by column
washing, 31−35 min, linear from 60 to 40% B; 35−36 min, 40% B;
column re-equilibration; 36−36.1 min, linear from 40 to 80% B; and
36.1−45 min, 80% B.
Matrix-Assisted Laser Desorption/Ionization-Time of Flight Mass
Spectrometry (MALDI-TOFMS). Pool I was diluted withMillipore water
at 1 mg/mL and desalted with AG 50W-X8 resin (Bio-Rad Laboratories,
Hercules, CA, USA) (a small amount with a spatula spoon to 50 uL of
each sample and desalting was allowed for ∼30 min). After cen-
trifugation for 10 min, 1 μL of the desalted sample solution was mixed
Figure 2. Elution proﬁle of GalA (sample from stream D). Pools: eluted
with distilled water (pool I), eluted with 0.1 M NaCl (pool II), eluted
with 0.2 M NaCl (pool III), and eluted with 0.3 M NaCl (pool IV).
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on a MALDI plate (Bruker Daltonics, Bremen, Germany) with 1 μL
of matrix solution (25 mg/mL 2,5-dihydroxy benzoic acid, Bruker
Daltonics) in 50% (v/v) acetonitrile and dried under an air stream.
MALDI-TOFMS analysis was performed using an Ultraﬂex workstation
(Bruker Daltonics) equipped with a nitrogen laser of 337 nm, operated
in positive mode with a laser power intensity of 60%. After a delayed
extraction time of 350 ns, the ions were accelerated to a kinetic energy of
22 kV before detection. The mass spectrometer was calibrated with a
mixture of maltodextrins (Avebe, Foxhol, The Netherlands; MD20;
mass range m/z 500−2000). The data were processed using the Bruker
Daltonics ﬂexAnalysis software.
Determination of Carbohydrates and Fermentation Products in
Cell-Free Supernatants. Supernatants from the anaerobic culture tubes
inoculated with fecal inocula were ﬁltered through 0.2 μm cellulose
acetate membranes and analyzed by HPLC for monosaccharides, OS,
formate, lactate, succinate, and SCFA (acetic, propionic, and butyric
acids) using the method described under (Analysis of Liquors).
■ RESULTS AND DISCUSSION
Production, Puriﬁcation, and Chemical Character-
ization of POS. The hydrothermal processing of OPW led to
a POS-containing liquid phase, which was reﬁned by membrane
ﬁltration to obtain a puriﬁed product with prebiotic potential.
Figure 1 shows the general ﬂow of the process, and Table 1 lists
compositional and recovery data.
Stream D was enriched in OS (AraOS, 25.3%; OGalA, 53.4%;
and GalOS, 16.5%) and presented a low content of nonvolatile,
nonsaccharide compounds (1.7 g ONVC/100 g NVC), at high
OS recovery yields (91.8−95.4%). In comparison, >90% of
ONVC were removed. These results conﬁrmed the suitability of
the process considered in this study for manufacturing high-
purity POS.
Figure 2 shows the elution proﬁle of OGalA determined for
the reﬁned product (stream D). The samples corresponding to
the four main peaks were combined in four pools (I−IV),
obtained by elution with distilled water and a stepwise NaCl
gradient. Table 2 shows the monomer composition of the
various samples. Pool I contained 94.6% of neutral oligomers,
whereas other pools were characterized by high contents
of acidic oligomers (especially pool II, with about 85% GalA
present). The presence of oligomer compounds in pools I−III
was conﬁrmed by HPSEC analysis (data not shown). Pools II
and III accounted for 40.2 and 29.3%, respectively, of the
reﬁned product (stream D), whereas pool IV was of minor
importance in quantitative terms (5.1%).
As expected, arabinose was the major component of pool I
(65.2%), followed by galactose (20.4%). Rhamnose accounted
for 6.89 wt % of pool IV, in comparison with 1.36 and 1.30 wt %
for pools I and II, respectively.
Additional information on the structure and molar mass
distribution of pools I, II, and III was obtained by HPAEC-PAD
analysis (pool IV was not analyzed because of its low relative
abundance). In agreement with the compositional data in Table 2,
the elution proﬁles in Figure 3 conﬁrmed the presence of both
AraOS of DP 4−11 (and higher but showing minor response
areas) and several types of GalOS (DP > 5) in pool I as identiﬁed
by available standards. Pools II and III showed rather similar
elution proﬁles (but with diﬀerent relative responses, being
higher in pool II), characterized by the presence of both saturated
and unsaturated OGalA of DP 2−12. As reported previously,8,26
the explanation of ﬁnding similar peaks in both chromatograms
could be related to the DM; its value aﬀects the order of elution
in a DEAE-Sepharose CL 6B column. In fact, the average DM
was higher for oligomers in pool II than in pool III (65.4 vs
59.3%). However, other diﬀerent compounds could be present
in both pools; HPSEC proﬁles (data not shown) demonstrated
the presence of higher molecular weight compounds in pool III.
Additional information for pools II and III was obtained by
HILIC-ELSD-MS. Figure 4 shows the HILIC chromatograms.
The major peaks in pool II corresponded to GalA4Me (4
10),
UGalA7Me3 (U7
30), GalA8Me4 (8
40), and GalA8Me3 (8
30),
Table 1. Chemical Composition and Recovery Yields of Process Streams (Expressed as Kilograms per Kilogram NVC)a
Amicon cell spiral wound module
component
feed
(stream A)
diaﬁltrate
(stream B)
ﬁnal retentate
(stream D)
recovery yieldb
(%)
diaﬁltrate
(stream B′)
ﬁnal retentate
(stream D′)
recovery yieldb
(%)
glucose 0.060 0.013 0.003 3.57 0.013 0.004 4.14
galactose 0.064 0.014 0.004 3.78 0.014 0.005 4.29
arabinose 0.017 0.004 0.001 3.62 0.003 0.001 3.12
galacturonic acid 0.007 0.001 0.001 8.73 0.002 0.002 13.99
acetic acid 0.004 0.001 0.000 0.00 0.001 0.000 4.26
GlcOS 0.020 0.014 0.009 30.69 0.011 0.006 18.6
GalOS 0.120 0.158 0.165 92.98 0.152 0.158 76.84
AraOS 0.180 0.247 0.253 91.80 0.238 0.243 78.88
AcO 0.011 0.012 0.013 80.03 0.013 0.013 71.40
OGalA 0.378 0.493 0.534 95.42 0.453 0.480 74.18
ONVC 0.144 0.046 0.017 8.11 0.100 0.088 35.93
aNVC content in stream A, 0.041 kg NVC/kg liquor; NVC content in stream B, 0.030 kg NVC/kg liquor; NVC content in stream D, 0.098 kg
NVC/kg liquor; NVC content in stream B′, 0.031 kg NVC/kg liquor; NVC content in stream D′, 0.103 kg NVC/kg liquor. bTaking into account
both stages of diaﬁltration and concentration.
Table 2. Yields and Compositions of Pools of the Reﬁned
Product in Stream D
pool I pool II pool III pool IV
reﬁned
product
(stream D)
yielda (%) 26.1 40.2 29.3 5.1
monomer composition (%)
rhamnose 1.36 1.30 4.27 6.89 2.4
arabinose 65.21 5.21 7.31 6.88 23.2
galactose 20.41 6.99 18.28 10.88 14.9
glucose 3.12 0.19 0.06 0.17 1.2
xylose 4.47 0.98 0.79 2.74 1.8
acetic acid 0.00 0.43 1.10 15.89 1.3
galacturonic
acid
5.43 84.91 68.18 56.54 54.5
aYield expressed as mg saccharides/100 mg reﬁned product applied to
column.
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Figure 3. HPAEC-PAD chromatograms recorded for pectin, POS, pools I−III (from stream D), and standards (GalOS, AraOS, and OGalA).
Figure 4.HILIC elution proﬁle determined for acidic pools II and III. Structure annotation: U520 DP 5; two O-methyl esters and 0 O-acetyl group; U,
unsaturated GalA.
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whereas GalA2 (2
00), GalA3Me (3
10), GalA4Me2 (4
20), UGalA5Me2
(U520), UGalA7Me4 (U7
40), and GalA12Me6 (12
60) appeared in
minor amounts. Pool III contained some of these components,
together with GalA3 (3
00) and UGalA9Me (U9
10).
The components of pool I were characterized by MALDI-
TOFMS. Figure 5 illustrates the structure of neutral oligosaccha-
rides. High-intensity signals appeared at intervals of 132 m/z
units, corresponding to pentosemoieties. On the basis of the com-
positional data in Table 2, it can be inferred that these oligomers
correspond to AraOS with DP in the range of 3−21. In addition,
lower signals separated by 162 m/z units (corresponding to
hexose units) also appeared, conﬁrming the presence of DP
5−12 oligomers mainly made up of galactose.
The use of an Amicon module has an important drawback: its
low capacity to produce suﬃcient amounts of reﬁned product to
carry out extensive in vitro and/or in vivo studies on their bio-
logical properties or to commercialize it. Therefore, in both sit-
uations, a scaleup is needed and, in this work, a spiral wound
module was employed (see details under Production and
Puriﬁcation of Pectin-Derived Oligosaccharides).
The POS obtained with the spiral woundmembrane (streamD′)
contained 89.4 wt % of oligosaccharides (excluding GlcOS),
a value in the range reported for commercial prebiotics and in
agreement with reported results.8 Figure 6A shows the HPSEC
response for both pectin and stream D′, which presented a wide
DP range. Because of this, a sample of POS was subjected to enzy-
matic degradation with PL and PG. Figure 6B shows the HPAEC
chromatogram determined for the hydrolyzed sample. Using
both saturated (DP 2−5) and unsaturated (DP 2−6) OGalA
standards and the equation mentioned under HPAEC-PAD, in
the sample from the D′ stream just 22.31% of the total GalA
could be quantiﬁed as oligomers with DP ≤ 12, in comparison
with 83.90% in the enzymatically hydrolyzed sample. Therefore,
>61% of OGalA showed a DP > 12.
In conclusion, AraOS (DP 3-21), GalOS (DP 5−12), and
OGalA (DP 2−12, with variable DM) were identiﬁed in POS
mixtures, in which long-chain products are also present.
In Vitro Fermentability of POS from OPW. To evaluate
the prebiotic potential of the reﬁned POS contained in stream
D′, a comparative in vitro fermentability study was carried out.
FOS (which is accepted as the “gold standard” of a prebiotic
ingredient) and orange pectin were also employed as fermen-
tation substrates. The eﬀects of the various substrates on the
metabolic activity and on the dynamics of the microbial popu-
lations were studied inmedia inoculated with human fecal samples
from three healthy adult volunteers (donors A, B, and C).
Figure 7 shows the concentration proﬁles determined for the
various types of OS, which showed the following relative suscep-
tibility to fermentation: GlcOS > GalOS > AraOS >OGalA. During
the ﬁrst 5 h of fermentation, the concentration of GalOS dropped
markedly to reach about 50% of the initial value. Oppositely, OGalA
presented an almost ﬂat proﬁle in the ﬁrst hours of fermentation.
GlcOS were almost completely consumed after 10 h, whereas the
concentrations of GalOS, AraOS, and OGalA decreased to 12,
16, and 33% of the respective initial amounts. Some variability
was observed in the data from individual donors: for example,
the media inoculated with samples from donor B presented
a lower fermentation rate for all of the considered substrates
(data not shown).
GalOS, AraOS, and OGalA were progressively consumed: the
concentrations were reduced to 8 and 5% of the initial values
after 18 and 24 h, respectively. The observed OS consumption
pattern was in agreement with reported results.15 The slow as-
similation kinetics of POS suggests that fermentation of these OS
in humans may proceed (at least, in part) in the distal part of the
Figure 5. MALDI-TOF mass spectrum of neutral pool I.
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colon, where protein fermentation results in the production of
potentially harmful compounds such as ammonia, phenol, indols,
thiols, amines, and sulﬁdes. Increased SCFA production in the
distal colon is expected to result in protective eﬀects.27
The chemical structure of oligosaccharides (deﬁned by degree
of polymerization, sugar composition, type of linkages, or degree
of esteriﬁcation) is inﬂuential in the fermentation rate,28 becausse
deﬁned species and strains of microorganisms show predilection
Figure 6. (A) HPSEC chromatograms of pectin and POS (stream D′) and (B) HPAEC-PAD chromatogram of POS generated by partial enzymatic
hydrolysis. Pectin standards (MW: 82000, 63900, and 51400 Da) are included.
Table 3. Composition of StreamD′ andPectin (DataObtained afterHydrolysis andMonomerDetermination byGCasAlditol Acetates)
sugar composition (w/w %)
substrate Rham Ara Xyl Man Gal Glc GalA DM (%) DA (%)
stream D′ 0.73 19.10 0.57 1.79 13.43 2.41 42.75 59.5 8.5
pectin 0.81 9.21 0.31 0.42 6.69 2.25 49.30 56.1 3.6
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for deﬁned substrates.29 Fermentation clearly resulted in mi-
crobial growth and formation of lactate, gas, SFCA, and other
organic acids. Gas production was similar in experiments with
POS and FOS (data not shown), with a maximum accumulated
production of 22 mL total gas after 48 h. Hernandez-Hernandez
et al.30 and Sarbini et al.31 also reported on gas generation upon
fermentation, which (if excessive) may become an undesirable
side eﬀect of prebiotic ingestion.
Eﬀects on the Microbial Populations. Table 4 lists the results
of bacterial counts corresponding to the various fermentation
experiments.
(a) Total Bacteria (DAPI). There is strong evidence that the
colonic fermentation of prebiotics is inﬂuential in the gut
function. Fermentation results in increased bacterial mass,
increased stool weight (by osmotic water binding), increased
stool frequency, and softer stools.32 The data in Table 4 show
that the total cell counts increased markedly with time in
media containing suitable carbon sources. In the control experi-
ment, bacterial growth was observed just in the ﬁrst 5 h
of fermentation. In media containing FOS, POS, and pectin,
the total cell counts increased by factors of 27−38, with no
signiﬁcant diﬀerences among them (p > 0.05). This ﬁnding is in
agreement with data reported for experiments using neutral
oligomers and polymers, as well as OGalA and PGalA, as carbon
sources.29
Lactobacilli, biﬁdobacteria, and eubacteria are considered to
cause health-promoting functions on host health such as in-
hibition of growth of exogenous and/or harmful bacteria and
stimulation of inmune functions and synthesis of vitamins.
Clostridia are mainly harmful bacteria, whereas enterococci,
bacteroides, and streptococci may cause positive or harmful
eﬀects,33 making individual assessments on the growth pattern of
representative bacterial groups necessary.
(b) Bif idobacterium Genus (Bif164 Probe). Increased
proportions of biﬁdobacteria and lactobacilli (which are able to
convert carbohydrates into acids and generally lack toxicity)32
are thought to be associated with healthier microbial com-
positions. The data in Table 4 conﬁrmed a preferential growth of
biﬁdobacteria on the various cultures, (including the control,
although statistically signiﬁcant diﬀerences were observed with
media containing suitable carbon sources).
In cultures with FOS, orange pectin, and POS, the
biﬁdobacteria counts increased after 24 h by a similar factor
(30 on average), conﬁrming the biﬁdogenic properties of all
substrates. This ﬁnding is in agreement with the results reported
using FOS, apple pectin, and POS derived from apple pectin.9
The ratio between the counts of biﬁdobacteria and total cells
(expressed as percent) was fairly constant (11.8% at the be-
ginning of the experiment and 11.3% on average during
fermentation). The results determined for FOS are in agreement
with the data from Onumpai et al.29 The same authors reported
on the inability of acid oligomers to promote biﬁdobacteria
growth, whereas Gulloń et al.15 found that pure biﬁdobacteria
cultures can assimilate neutral OS, but not OGalA. In fact,
biﬁdobacteria can degrade a variety of arabinose and galactose
polysaccharides and oligosaccharides.29 On this basis, the growth
of biﬁdobacteria on POS is preferentially ascribed to utilization of
the neutral constituents of oligomers, which account for about
40% of the total. This idea is in agreement with the proﬁles deter-
mined for neutral sugar consumption and relative increase in
biﬁdobaceria counts: both of them took place mainly in the ﬁrst
5 h or fermentation, a period in which OGalA were scarcely as-
similated (see Figure 7). However, other factors (such as
structural features of the substrate and individual diﬀerences
among donors) may also be inﬂuential. In a related study,
Leijdekkers et al.34 did not found a clear biﬁdogenic eﬀect in
experiments with POS from sugar beet pulp containing GalOS,
AraOS, and mixtures of acidic oligosaccharides (mainly made up
of rhamnogalacturonan and homogalacturonan oligosaccharides
distinct from the classes of sugar beet POS used previously for in
vitro fermentation studies).
(c) Lactobacillus−Enterococcus Group (Lab158 Probe).The
counts increased upon fermentation of the various substrates,
which behave diﬀerently. Progressive increases in numbers were
observed during fermentations in cultures with pectin and FOS,
whereas no signiﬁcant increases were observed after 5 h in cul-
tures containing POS. This ﬁnding is in agreement with the data
reported for POS derived from apple.9 After 24 h of fer-
mentation, the Lactobacillus−Enterococcus numbers increased by
factors of 76 and 93 in cultures containing FOS and POS, re-
spectively, whereas less marked eﬀects were observed in pectin-
containingmedia (in which the counts increased by a factor of 52).
In related studies, Chen et al.9 reported on the ability of apple-
derived POS (sugar composition: GalA, 29.6% w/w; Ara, 18.4%;
Gal, 21.1%; Xyl, 8.4%) and FOS for promoting Lactobacillus
growth, whereas signiﬁcant eﬀects of inulin and GalOS on
Lactobacillus growth were also reported.29 In this latter study,
oligorhamnogalacturonides andDP 5OGalA were found to exert
just transient eﬀects. FOS and POS promoted a selective growth
of the Lactobacillus−Enterococcus group with respect to total cells,
increasing its relative proportion from 6.8% at the beginning of
fermentations up to 16.2% after 24 h. Considering as a whole the
counts of healthy bacteria (Bif idobacteria and Lactobacillus−
Enterococcus), POS and FOS boosted the growth from 18.5 to
27%, whereas the eﬀect of pectin was poorer (accounting for
19.2% of total counts after 24 h).
(d) Bacteroides−Prevotella Group (Bac303 Probe). The
genus Bacteroides is part of the phylum Bacteroidetes, which
together with Firmicutes account for about 90% of the human
intestinal microbiota. Bacteroides may ferment carbohydrates
into acetic acid and propionic acid. This latter is considered as a
healthy compound that can inhibit the synthesis of cholesterol.
However, Bacteroides can also produce harmful reactions (for
example, amine generation from proteins). From the point of
view of this study, this group is important because Bacteroides are
major carbohydrate-degrading organisms in the gut, which can
Figure 7.Concentration proﬁles obtained in the in vitro fermentation of
the various substrates.
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degrade pectins.29 According to the results in Table 4, the pop-
ulation of Bacteroides−Prevotella in media containing the con-
sidered substrates increased signiﬁcantly and progressively with
time. The highest increase in counts (by a factor of 32) was de-
termined for pectin, even if the diﬀerences among substrates
were not signiﬁcant after 24 h. Onumpai et al.29 reported on the
ability of this group to grow on a number of acid substrates
(PGalA, methylated pectin, DP 9 OGalA, and methylated
OGalA) and compounds with neutral chains (including GalOS,
AraOS, the corresponding polymers and inulin). In relative
terms, the population accounted for a fairly constant fraction of
total counts (15.5% at the beginning of experiments and 14.5%
after 24 h).
(e) Clostridium histolyticum Group Clusters I and II
(Chis150 Probe). The data in Table 4 show that proliferation
of this group was signiﬁcant in cultures with FOS during the ﬁrst
Table 4. Bacterial Populations (Expressed as Log Cells per Milliliter) in Fecal Batch Cultures Using Human Inocula and Diﬀerent
Substratesa
substrate
probe/stainb time (h) POS pectin FOS control
DAPI 0 8.26 (0.06) 8.26 (0.06) 8.26 (0.06) 8.26 (0.06)
5 9.52 (0.08)b 9.38 (0.05)b 9.16 (0.18)b 8.63 (0.09)b, 2
10 9.69 (0.01)b, c 9.62 (0.03)c 9.60 (0.06)b, c 8.77 (0.06)b, 2
24 9.85 (0.03)c 9.84 (0.02)d 9.70 (0.09)c 8.87 (0.03)b, 2
Bif164 0 7.33 (0.03) 7.33 (0.03) 7.33 (0.03) 7.33 (0.03)
5 8.68 (0.22)b 8.54 (0.16)b 8.45 (0.16)b 8.09 (0.12)b
10 8.78 (0.10)b 8.74 (0.07)b 8.76 (0.13)b 7.98 (0.10)b, 2
24 8.87 (0.11)b 8.84 (0.05)b 8.83 (0.14)b 8.10 (0.14)b, 2
Lab158 0 7.09 (0.10) 7.09 (0.10) 7.09 (0.10) 7.09 (0.10)
5 8.63 (0.16)b 8.30 (0.04)b, 1, 2 8.42 (0.15)b 7.73 (0.15)b, 2
10 8.79 (0.09)b 8.61 (0.04)c 8.69 (0.06)b, c 7.78 (0.08)b, 2
24 9.06 (0.03)b 8.81 (0.03)c, 2 8.97 (0.06)c, 1, 2 7.95 (0.07)b, 3
Bac303 0 7.45 (0.02) 7.45 (0.02) 7.45 (0.02) 7.45 (0.02)
5 8.58 (0.10)b 8.62 (0.13)b 8.09 (0.13)b, 1, 2 7.81 (0.13)a, b, 2
10 8.76 (0.02)b, c 8.94 (0.10)b, c 8.61 (0.06)c 8.06 (0.13)b, 2
24 8.89 (0.02)c 9.07 (0.05)c 8.89 (0.02)c 8.12 (0.06)b, 2
Chis150 0 7.48 (0.06) 7.48 (0.06) 7.48 (0.06) 7.48 (0.06)
5 8.64 (0.11)b 8.73 (0.13)b 8.37 (0.25)b, 1, 2 7.86 (0.09)a, b, 2
10 8.97 (0.06)c 9.00 (0.08)b, c 8.84 (0.08)b 8.02 (0.13)b, 2
24 9.16 (0.02)c, 1, 2 9.30 (0.04)c 8.84 (0.11)b, 2 7.87 (0.14)a, b, 3
Ato291 0 7.28 (0.05) 7.28 (0.05) 7.28 (0.05) 7.28 (0.05)
5 8.52 (0.12)b 8.47 (0.12)b 7.98 (0.11)b, 2 7.75 (0.06)b, 2
10 8.56 (0.12)b 8.37 (0.06)b 8.21 (0.09)b, 1, 2 7.89 (0.04)b, 2
24 8.75 (0.03)b 8.56 (0.07)b 8.43 (0.15)b 7.84 (0.07)b, 2
Erec482 0 7.40 (0.13) 7.40 (0.13) 7.40 (0.13) 7.40 (0.13)
5 8.69 (0.15)b 8.49 (0.19)b 8.25 (0.17)b, 1, 2 7.81 (0.01)2
10 8.91 (0.05)b 8.81 (0.11)b 8.91 (0.12)c 7.80 (0.23)2
24 8.81 (0.09)b 8.89 (0.06)b 8.75 (0.07)b, c 7.95 (0.07)2
Fpra655 0 7.40 (0.14) 7.40 (0.14) 7.40 (0.14) 7.40 (0.14)
5 8.63 (0.11)b 8.51 (0.16)b 8.17 (0.12)b, 1, 2 7.68 (0.04)a, b, 2
10 8.84 (0.14)b 8.59 (0.13)b 8.50 (0.08)b, 1, 2 7.98 (0.12)b, 2
24 8.77 (0.06)b 8.79 (0.09)b 8.59 (0.07)b 7.96 (0.03)b, 2
Rint623 0 7.25 (0.22) 7.25 (0.22) 7.25 (0.22) 7.25 (0.22)
5 8.49 (0.15)b 8.23 (0.17)b 7.99 (0.06)b, 1, 2 7.39 (0.23)2
10 8.62 (0.13)b 8.40 (0.17)b 8.61 (0.12)c 7.78 (0.07)2
24 8.67 (0.04)b 8.51 (0.09)b 8.68 (0.03)c 7.86 (0.13)2
aStandard error is shown in parentheses (n = 3). Diﬀerent letters for the same probe and same substrate indicate signiﬁcant diﬀerences (Tukey’s test,
p < 0.05) between diﬀerent time points (no letter = a). Diﬀerent numbers in the same row indicate signiﬁcant diﬀerences between diﬀerent
substrates (no number = 1). bDAPI, 4′,6-diamidino-2-phenylindole; Bif164, Bif idobacterium; Lab158, Lactobacillus/Enterococcus; Bac303, Bacteroides/
Prevotella; Chis150, Clostridium histolyticum clusters I and II; Ato291, Atopobium; Erec482, Clostridium coccoides/Eubacterium rectale; Fpra655,
Faecalibacterium prausnitzii; Rint623, Roseburia intestinalis.
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5 h of fermentation, whereas a progressive evolution was ob-
served in media containing pectin or POS. The data obtained
after 10 and 24 h revealed no signiﬁcant count diﬀerences be-
tween POS and FOS cultures, whereas pectin led to the highest
result. In a related study, Salazar et al.20 reported increased
counts of these clusters after 10 h in media containing inulin,
whereas signiﬁcant increases from PGalA (but not from acidic
or neutral oligomers and polymers of neutral sugars) have been
reported.29
Concerning the ratio between the number of this group of cells
and the total counts, scarce eﬀects were observed after 24 h in
media containing FOS and POS, whereas a higher value was
achieved using pectin as a carbon source. From the point of view
of the biological eﬀects, this means that the behavior observed for
POS is more favorable than the one determined for pectin; in
general, clostridia are considered as harmful bacteria.33
(f) Atopobium Cluster (Ato291 Probe). The Atopobium
cluster corresponds to a dominant group of human bacteria, but
its role is still undeﬁned.35 Increased counts of the Atopobium
cluster upon FOS ingestion were reported.36 In this work, sig-
niﬁcant population increases were observed after 5 h. After 10 or
24 h, no signiﬁcant diﬀerences among substrates were found,
even if the highest values corresponded to POS cultures. The
average factor for population increase after 24 h was 21. In
relative terms, the ratio with respect to total counts decreased
upon fermentation from 0.105 to 0.062.
The results achieved with the major bacterial groups able to
produce butyrate from polysaccharides (or from acetic acid or
lactic acid by a cross-feeding mechanism) are listed in the next
paragraphs. Many investigations have illustrated the beneﬁcial
role of butyrate on gut health.37−39
(g) Clostridium coccoides/Eubacterium rectale Group
(Clostridium Clusters XIVa+b, Erec482 Probe). Bacteria of
cluster XIVa are considered beneﬁcial because of their ability to
produce butyrate from acetate, lactate, and polysaccharides.28
The data in Table 4 show signiﬁcant increases in counts during
the ﬁrst 5 h of fermentation, with no signiﬁcant diﬀerences
among the various carbon sources. After 24 h, the number of
bacteria belonging to this group increased in media containing
FOS, POS, or pectin by an average factor of 26. Their ratio with
respect to the total counts increased from 0.138 to 0.175 after 10
h, with a further decrease (0.105 after 24 h). Onumpai et al.29
reported increases in the counts of this type of bacteria in
fermentation using AraOS as substrates.
(h) Part of Clostridium Cluster IV (Faecalibacterium
prausnitzii Group, Fpra655 Probe). F. prausnitzii belongs to
the Clostridium IV cluster, which includes important butyrogenic
bacteria, a deﬁcit of which has been related to the recurrence of
imﬂammatory bowel disease and to ulcerative colitis. Signiﬁcant
increases in counts were observed in the period 0−5 h, with var-
iations of minor importance at longer fermentation times. No
signiﬁcant diﬀerences among substrates were observed. On av-
erage, the numbers of this group of bacteria increased by a factor
of 20 upon fermentation, and their ratio with respect to the total
counts decreased from 0.138 at the beginning to 0.105 after 10 h
and to 0.083 after 24 h. Literature data indicated increased counts
of this group when methylated OGalA was fermented and slight
decreases when OGalA with DP 5−9 were grown,29 whereas im-
portant increases of Faecalibacterium in experiments using POS
from sugar beet as a carbon source have also been reported.34
(i) Roseburia intestinalis (Rint623 Probe). R. intestinalis
produces butyric acid (a desired and healthy product as it is the
major source of energy of epithelial cells and can contribute to
the cell proliferation and diﬀerentiation) of which counts in-
creased during the ﬁrst 5 h in experiments with POS and pectin
and in the ﬁrst 10 h in experiments with FOS. The data in Table 4
conﬁrm that the population increased upon fermentation by a
factor of 23 as an average for the three substrates, whereas the
count ratio respect to total cells decreased from 0.098 to 0.609
upon fermentation.
Finally, it is worth remarking that the sum of the counts of the
individual groups determined in this work accounted for 96.2−
98.5% of the total cell counts determined by DAPI.
Eﬀects of the Substrate on Organic Acid Production and
pH. Table 5 lists data concerning SCFA production (averages
and standard errors) during the fermentation of the various types
of media. All substrates were utilized, causing pH drops that
were more marked in experiments with POS and FOS (1.9 and
2.2 units, respectively) than in assays with pectin (pH drop =
1.5 units). The higher pH decrease observed in FOS cultures
is in agreement with literature data34 and is ascribed to the com-
paratively high lactic acid concentration (a compound of com-
paratively low pKa). The fairly constant pH observed in the
control is ascribed to the limited SCFA production and to the
possible neutralization with ammonia produced from protein.
Scarce production of succinic acid was observed, with maximal
concentrations (in the range of 1.25−2.2 mM) that were
achieved at short fermentation times.
The lactic acid concentration proﬁle showed diﬀerences for
individual substrates and donors. Low lactic acid concentrations
were achieved in the control and in assays with POS and pectin,
whereas progressively growing concentrations (up to 22−24mM
in assays with inocula from donors B and C or 14 mM for inocula
from donor A) were achieved in FOS cultures. Dependence of
the concentration patterns on the considered donor have been
reported using inulin as a substrate.20 The limited lactate con-
centrations in cultures containing POS or pectin are in agree-
ment with previous studies,4,15 and its depletion can be due to
utilization by other common intestinal bacteria acting as an
intermediary metabolite for the formation of additional acetate,
propionate, and/or butyrate.40,41
Formic acid is an intermediary product mainly produced by
biﬁdobacteria. The data in Table 5 show scarce formic acid pro-
duction in the control experiment, but signiﬁcant concentrations
in the case of the cultures with FOS, POS, and pectin. Although
the cultures with the three carbon sources led to diﬀerent formic
acid concentrations, the observed variations were not statistically
signiﬁcant. The highest ﬁnal concentrations were achieved in
cultures with FOS and pectin, whereas the concentration proﬁles
depended on the considered donor. In experiments with FOS,
the cultures with inocula from the various donors led to proﬁles
of similar shape (a fast increase in formic acid concentra-
tion followed by a plateau), but the highest ﬁnal concentration
(28 mM) corresponded to the inocula from donor. In experi-
ments with pectin, the maximum concentrations were achieved
after 18 h, but the corresponding values were strongly aﬀected by
the donor. The fermentation pattern of POS-containing media
was similar in media inoculated with samples from donors A and
B (steadily increasing concentrations up to a ﬁnal value in the
range of 8.5−13.8 mM), but diﬀerent from the media made with
samples from donor C (in which the concentration reached a
maximum value after 10 h and then dropped markedly).
Figure 8 lists data concerning the production of SCFA
(acetate, propionate, and butyrate). For a given substrate, the
proﬁles of the total SCFA concentration (including acetate,
propionate, and butyrate) were similar in experiments with
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Table 5. Concentrations of Formate, Lactate, and Short-Chain Fatty Acids (Millimolar) and pH of Fermentation Mediaa
carbon source
organic acid time (h) POS pectin FOS control
lactate 0 0.28 (0.16) 0.03 (0.01) 0.07(0.03) 0.04 (0.01)
5 2.52 (1.23) 1.77 (0.49) 4.08 (1.90) 0.01 (0.00)
10 0.12 (0.12) 1.49 (0.46) 10.48 (4.81) 0.00 (0.00)
18 0.05 (0.03) 0.00 (0.00) 16.22 (6.22)b 0.04 (0.04)
24 0.00 (0.00) 0.00 (0.00) 16.03 (7.35) 0.00 (0.00)
32 0.00 (0.00) 0.00 (0.00) 16.84 (8.17) 0.00 (0.00)
48 0.00 (0.00) 0.00 (0.00) 15.62 (7.66) 0.00 (0.00)
formate 0 0.50 (0.25) 2.12 (0.23)b 0.00 (0.00) 0.02 (0.01)
5 2.99 (0.86)a, b 6.52 (1.75) 3.65 (1.42)a, b 0.06 (0.04)b
10 7.32 (1.48)a, b 15.52 (4.22) 11.99 (0.90) 0.21 (0.10)b
18 8.21 (3.26)a, b 16.42 (4.81) 16.34 (1.76) 0.07 (0.03)b
24 6.34 (2.62)a, b 15.32 (5.31) 16.70 (2.83) 0.03 (0.02)b
32 8.06 (3.93)a, b 11.57 (5.46)a, b 17.56 (3.12) 0.00 (0.00)b
48 7.42 (3.57)a, b 7.06 (3.50)a, b 18.36 (4.94) 0.00 (0.00)b
acetate 0 3.69 (1.09) 2.44 (0.42) 0.49 (0.19) 3.34 (1.66)
5 19.66 (5.96) 15.58 (5.17) 12.68 (4.63) 4.15 (0.58)
10 55.43 (8.72) 38.07 (7.85)a, b 32.22 (3.40)a, b 10.82 (1.38)b
18 73.32 (1.76) 48.82 (3.37)b 44.05 (3.72)b 20.66 (0.65)c
24 70.18 (8.98) 54.23 (0.77)a,b 40.37 (4.59)b, c 24.27 (0.59)c
32 75.71 (4.70) 57.60 (0.40)a, b 40.60 (6.34)b, c 28.63 (2.57)c
48 78.07 (2.68) 60.72 (1.42)b 39.22 (4.42)c 31.89 (0.66)c
propionate 0 0.38 (0.23) 2.38 (0.17)b 0.55 (0.40) 1.17 (0.71)a, b
5 1.04 (0.33) 4.01 (0.54)b 1.34 (0.76)a, b 1.25 (0.77)a, b
10 4.78 (1.36)a, b 7.98 (1.41) 3.55 (0.95)a, b 1.82 (0.22)b
18 7.90 (1.82) 11.01 (1.72) 6.92 (2.22) 4.00 (0.97)
24 8.06 (1.98) 12.88 (2.80) 7.10 (1.64) 4.57 (0.99)
32 9.46 (1.40)a, b 14.13 (1.81) 7.47 (1.62)a, b 5.35 (0.91)b
48 9.17 (1.54) 15.64 (0.55)b 8.49 (1.14) 5.74 (1.08)
butyrate 0 0.85 (0.23) 0.52 (0.14) 0.49 (0.49) 0.77 (0.42)
5 2.97 (0.6) 1.85 (0.74) 2.78 (0.87) 0.94 (0.18)
10 9.03 (1.41)a, b 4.19 (1.57) 13.10 (3.05)b 2.50 (0.71)
18 15.17 (1.39) 7.60 (1.23)a, c 24.46 (2.94)b 4.92 (0.72)c
24 15.07 (0.44)a, b 8.99 (1.12)a, b 26.08 (7.81) 5.60 (0.86)b
32 17.58 (1.39)a, b 10.11 (1.39)a, b 26.98 (8.53) 6.48 (0.17)b
48 18.06 (1.22)a, b 12.28 (1.29)a, b 27.42 (7.78) 6.95 (0.58)b
total SCFA 0 4.92 (1.52) 5.33 (0.74) 1.53 (0.35) 5.29 (2.30)
5 23.68 (6.50) 21.43 (6.26) 16.80 (5.93) 6.34 (1.44)
10 69.24 (9.11) 50.24 (8.75) 48.87 (5.64) 15.14 (2.29)b
18 96.39 (1.90) 67.44 (3.03)b 75.43 (3.68)b 29.59 (1.31)c
24 93.31 (11.12) 76.10 (2.49) 73.55 (2.96) 34.44 (1.14)b
32 102.75 (4.73) 81.83 (1.95)b 75.05 (3.04)b 40.46 (2.33)c
48 105.30 (2.70) 88.63 (0.11)b 75.13 (2.40)c 44.58 (1.81)d
pH 0 6.88 7.51 6.93 6.94
5 6.37 6.76 6.41 6.91
10 5.13 6.08 5.00 6.86
18 5.00 5.96 4.79 6.93
24 5.00 6.11 4.80 7.00
32 5.03 6.05 4.72 6.88
48 5.00 5.98 4.91 6.92
aStarting concentrations of the test substrates were 1% (w/v). Standard error is shown in parentheses (n = 3). Diﬀerent letters indicate signiﬁcant
diﬀerences (P < 0.05) for the same acid and time (no letter = a). Substrates were compared for seven points of fermentation (0, 5, 10, 18, 24, 32, and
48 h).
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inocula from the various donors (data not shown). In experi-
ments with FOS, the highest concentration was achieved after 18
h, whereas the assays with pectin and POS showed slower
kinetics. The highest SCFA concentration after 48 h (105.3 mM)
was obtained using POS, in comparison with 88.6 mM using pec-
tin and 75.1 mMusing FOS. Leijdekkers et al.34 also found higher
SCFA concentrations in experiments with POS than with FOS.
Even though the total SCFA concentration proﬁles presented
similar patterns in assays with inocula from the various donors,
the product distribution depended on the considered substrate.
Acetate was the major individual acid in all cases and was gen-
erated mainly in the period 0−18 h, reaching signiﬁcantly dif-
ferent concentrations in assays with each of the three substrates.
The highest concentrations (78.07 mM from POS, 60.72 mM
from pectin, and 39.22 mM from FOS) were achieved after 48 h.
A number of studies have conﬁrmed the beneﬁcial eﬀects of
butyrate and propionate in gut health. As a consequence, it is
important to identify and characterize prebiotics promoting the
growth of bacterial groups able to produce butyrate and pro-
pionate selectively.
Propionate is mainly produced by Bacteroides and other bac-
teria with the Clostridium IX cluster. Propionic acid plays a
signiﬁcant role in lipid metabolism, and the combination of high
propionate levels with low acetate/propionate ratios is indicative
of hypolipidemic eﬀects.42 The data in Table 5 show similar pro-
pionate concentration proﬁles in experiments with POS and
FOS, whereas the experiments with pectin led to the highest con-
centration after 48 h, which was statistically diﬀerent from the
ones obtained from POS and FOS. Both the kinetics and the
maximum concentrations depended on the considered donor. In
general, the media inoculated with samples from donor A ex-
hibited slower kinetics and achieved lower propionate con-
centrations than in the rest of the cases.
Butyrate, mainly produced by eubacteria and some clostridia,
is themajor energy source of colonic epithelial cells andmay have
an impact on growth and cell diﬀerentiation. The diﬀerences in
concentration achieved after 24 h in experiments with the three
carbon sources were not signiﬁcant. The general patterns of the
butyrate concentration proﬁles were similar in experiments with
POS, pectin, and FOS, but this latter substrate led to higher a
maximum concentration (42 mM) in media inoculated with
samples from donor A than in media made with samples from
donors B and C (about 19 mM). High butyrate production from
POS and FOS has also been reported.34 In comparative terms,
the mass concentration ratio butyrate/SCFA was 0.17 after 24 h,
a result signiﬁcantly higher than the ones reported for assays with
POS (concentration ratios below 0.10).29
Acetate and butyrate were the major organic acids in POS
and FOS fermentation, a ﬁnding in agreement with previous
studies.11,13,15 However, when pectin was used as a carbon
source, the maximum propionate concentration was higher than
the one of butyrate. On the basis of the data listed in Table 4 for
the counts of the Bacteroides−Prevotella group, this ﬁnding is
ascribed to the metabolic activity of bacteria belonging to the
Bacteroides group, which are known to be able to produce
propionate from carbohydrates43 and to degrade pectins.29
Conclusions. POS were manufactured by hydrothermal
treatment of orange peel wastes and puriﬁed using membranes to
yield a reﬁned product containing up to 90% of oligosaccharides.
Its prebiotic potential was assessed by in vitro fermentation using
human fecal inocula. For comparison, the same type of ex-
perimental work was performed using pectin and commercial
FOS as carbon sources. The evolution of selected microbial pop-
ulations was measured during fermentations by FISH. Gas
generation, pH, and production of SCFA were also measured.
The various types of carbohydrates making part of the POS
concentrates were utilized by microorganisms at diﬀerent rates,
the slowest reaction corresponding to OGalA. All of the tested
groups of bacteria increased their populations during fermenta-
tion, but their relative proportions with respect to total counts
were signiﬁcantly diﬀerent. POS boosted particularly the growth
of lactobacilli, in a way that the ratio between the joint counts of
lactobacilli and biﬁdobacteria and the total cell number increased
from 0.17 to 0.27 upon fermentation. POS fermentation resulted
in a remarkable generation of SCFA (maximum concentration =
105 mM after 48 h), with a concentration proﬁle deﬁned by the
following sequence: acetate > butyrate > propionate. The same
sequence was observed for FOS cultures, whereas pectin fer-
mentation led to propionate concentrations higher than the ones
of butyrate.
In general terms, fermentation of POS and FOS resulted in
similar SCFA distributions, but the kinetics of acid generation
was slower for POS, suggesting that they could be fermented
(at least in part) in the distal part of the colon, where the
associated healthy eﬀects could be more important.
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AcO = acetyl substituents in oligomers
AraOS = arabino-oligosaccharides
DAPI = 4′,6-diamidino-2-phenylindole
DA = degree of acetylation
DM = degree of methylation
DP = degree of polymerization
Figure 8. Time course of total SCFA production during fermentations.
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FISH = ﬂuorescent in situ hybridization
FOS = fructo-oligosaccharides
GalA = galacturonic acid
GalOS = galacto-oligosaccharides
GlcOS = gluco-oligosaccharides
HILIC-ELSDMS = hydrophilic interaction liquid chromatog-
raphy, evaporative light scattering detector mass spectrometry
HPAEC-PAD = high-performance anion exchange chroma-
tography-pulsed amperometric detector
HPLC = high-performance liquid chromatography
HPSEC = high-performance size exclusion chromatography
MALDI-TOF = matrix-assisted laser desorption/ionization-
time-of-ﬂight
NVC = nonvolatile compounds
OGalA = oligogalacturonides
ONVC = other nonvolatile compounds
OPW = orange peel wastes
PG = endopolygalacturonase
PGalA = polygalacturonic acid
PL = pectin lyase
POS = pectic oligosaccharides
SCFA = short-chain fatty acids
TMP = transmembrane pressure
VCR = volume concentration ratio
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(4) Goḿez, B.; Gulloń, B.; Veiga, A.; Parajo,́ J. C.; Alonso, J. L.
Searching for New Prebiotics for Elderly: Production and in Vitro Evaluation
of Pectic Oligosaccharides from Apple Pomace. The Intestinal Microbiota
and Gut Health: Contribution of the Diet, Bacterial Metabolites, Host
Interactions and Impact on Health and Disease (ENGIHR); IATA
(CSIC): Valencia, Spain, Sept 18−20, 2013.
(5) Grohmann, K.; Cameron, R. G.; Buslig, B. S. Fractionation and
pretreatment of orange peel by dilute acid hydrolysis. Bioresour. Technol.
1995, 4, 129−141.
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ABSTRACT  
Sugar beet pulp (SBP) and lemon peel wastes (LPW) were used to obtain pectic oligosaccharides 
concentrates (SBPOS and LPOS, respectively) by autohydrolysis and membrane filtration 
processes. The concentrates contained oligomers consisting of galactosyl (GalOS), arabinosyl 
(AraOS) and oligogalacturonides (OGalA) in different mass ratios (1: 4.6: 4.3 for SBPOS and 1: 
1.5: 6.6 for LPOS). OGalA in LPOS showed a larger average molar mass, higher 
methylesterification level and lower acetylation level than the ones in SBPOS. The use of the 
POS concentrates, pectins from SBP and LPW and commercial fructooligosaccharides (FOS) as 
potential prebiotics were compared by in vitro fermentation followed by fluorescent in situ 
hybridization (FISH) using human fecal inocula and eight different probes. The joint populations 
of bifidobacteria and lactobacilli increased upon fermentation from 19% up to 29, 34 and 32% in 
cultures with LPOS, SBPOS and FOS, respectively.  Meanwhile, other interesting groups such as 
Faecalibacterium and Roseburia, in spite of increasing their counts with all the substrates, 
especially with LPOS, decreased their relative importance regarding to the total bacteria. The 
highest concentrations of organic acids were observed in media containing oligosaccharides. 
This work confirms that the use of SBPOS and LPOS as potential prebiotics is more appropriate 
than pectins, and similar or even better than FOS. 
 
Keywords: Sugar beet pulp, lemon peel wastes, prebiotics, pectic oligosaccharides, pectins, 
FISH 
 
  
1. INTRODUCTION 
Along the last decades, the consumer’s interest in health and overall quality of life has increased, 
boosting the demand for natural products and food ingredients with functional and/or health 
properties. Despite the current commercial availability of a range of ingredients for functional 
foods, additional research and development efforts are needed to enhance their efficiency 
(Muthaiyan et al., 2012) and to develop new products with improved and/or additional 
properties. Among them, prebiotics have attracted more interest due their benefits on the 
gastrointestinal microbiota. 
In this field, pectin and pectin-derived oligosaccharides (POS) have been identified as emerging 
prebiotics with improved properties, for example, higher ability for modulating microbiota and 
for causing effects on the distal part of the colon (where there are increased risks of colon cancer 
and ulcerative colitis), compared to other commercial non-digestible oligosaccharides such as 
fructooligosaccharides (FOS) or galactooligosaccharides (GalOS) (Gullón et al., 2013).  
Citrus peels and apple pulp are the major sources of pectin, which is also abundant in 
agroindustrial subproducts such as sugar beet pulp, peach peels, or pulps of grapes and pumpkin. 
Less frequently, pectin can also be extracted from byproducts of the manufacture of starch from 
potatoes, sunflower heads in oil production, and onions (Ovodov, 2009).  
Pectin is a complex hetero-polysaccharide, and its proportion in a given feedstock is affected by 
several factors, including the botanic and anatomic plant origin, the age and the grade of ripening 
(Voragen et al., 2009). Pectin is mainly made up of the following structural polymers: (1) 
homogalacturonan (HG), a linear polymer consisting of 1,4-linked D-galacturonic acid (GalA); 
(2) xylogalacturonan (XGA), a substituted homogalacturonan in which the α-1,4-linked D-
galacturonate backbone is substituted at position O-3 with a β-D-xylopyranose; (3) 
rhamnogalacturonan I (RGI), formed by repeating sequences of the disaccharide α(1-4)-D-GalA- 
α(1-2)-L-rhamnose with a variety of different glycan chains (mainly arabinan and galactan) 
attached to the rhamnose residues, and (4) rhamnogalacturonan II (RGII), a backbone of HG 
with complex side chains attached to the GalA residues (Willats et al, 2006). 
The suitability of pectin for specific applications is governed by the structural features, including 
molar mass, neutral sugar content, proportions of "smooth” (HG) and “hairy” (RG I and II) 
regions, or the degree of methylation and acetylation (DM and DA), which can vary greatly from 
one raw material to another (Willats et al, 2006; Sila et al, 2009). Pectin is a food ingredient 
widely used as a gelling agent and stabilizer (Funami et al., 2011). On the other hand, it is also 
possible to use it in the formulation of drugs employed for treating gastrointestinal disorders, 
diabetes, cholesterol or high blood pressure (Matsumoto et al., 2008). 
  
In recent years, several studies have been focused on POS production from several feedstock 
using a number of technologies, including enzymatic hydrolysis (Concha and Zúñiga, 2012; 
Martínez et al., 2012), acid hydrolysis (Hu et al., 2009), hydrothermal processing (Gómez et al., 
2013) or physical degradation (Byun et al., 2006). Purification of the raw POS mixtures (for 
example, to achieve food-grade products) can be carried out by membrane filtration (Gómez et 
al., 2013; Gómez et al., 2014). 
It has been reported that POS intake (in vitro and in vivo) results in the generation of short chain 
fatty acids (SCFA) due to their colonic fermentation. SCFA exert a number of healthy effects 
(Gullón et al., 2013), including the reduction of the proliferation of potentially pathogenic 
bacteria as Clostridium (Jun et al., 2006). POS also show antioxidant properties, being effective 
for inhibiting the proliferation of several cancers, and can induce apoptosis in cancer cells 
(Jackson et al., 2007), prevent ulcers, cause anti-inflammatory effects and increase the urinary 
excretion of toxic metals (Burana-Osot et al., 2010; Holck et al., 2011). 
As the whole colonic microbiota plays a key role in host health, it is very important the 
monitoring of populations of different species. Even if some commercial prebiotics are 
selectively metabolized by bifidobacteria and lactobacilli in the proximal part of the colon, the 
development of improved products causing healthy effects on the distal part is still an open 
question in the field of prebiotic research (Gullón et al., 2014).  
The use of POS as potential prebiotics depends on their chemical and physicochemical features, 
and can be conveniently assessed by key factors such as the consumption kinetics, the 
distribution of metabolic products and the effects caused on bacterial populations (Gullón et al., 
2013). 
This work provides an experimental assessment on the prebiotic properties of POS and pectins 
obtained from lemon peel wastes (LPW) and sugar beet pulp (SBP) by in vitro fermentation 
assays with human fecal cultures. FOS were also included in this study as positive control. The 
chemical characterization of the refined POS was studied by a combination of techniques, 
including HPAEC-PAD/UV, GC-FID and HPSEC; whereas the prebiotic potential was assessed 
by measuring the substrate consumption, the generation of SCFA and the changes in the 
microbial population.  
 
2. MATERIALS AND METHODS 
2.1. Raw material. 
LPW and SBP samples were kindly supplied by Indulleida (Lleida, Spain) and Azucarera Ebro 
(La Bañeza, Spain), respectively. These samples were mixed in a single lot (one for each kind of 
  
raw material) to avoid variations in the composition. When necessary, pieces of this lot were 
defrosted, milled and used for analytical determinations or processing according to the methods 
listed below.  
 
2.2. Production and purification of pectin-derived oligosaccharides. 
POS-containing liquors from LPW (denoted LPOS) were obtained by hydrothermal treatment 
under conditions reported as optimal (maximum temperature, 160 ºC; severity factor of 326 min) 
and purified by a two-step membrane process (discontinuous diafiltration and concentration) 
following the scheme indicated previously by Gómez et al. (2013). The scaling of membrane 
purification was performed using a spiral wound membrane (regenerated cellulose, 1 kDa, 
reference TFF6 from Millipore) as described in a recent study dealing with the purification of 
products from orange peel wastes (OPW) (Gómez et al., 2014). On the other hand, the 
production and purification of oligosaccharides from SBP (denoted SBPOS) was carried out 
following the methodology indicated by Martínez et al. (2009) and Martínez (2012, Thesis).  
 
2.3. Pectin extraction. 
LPW was extracted with water to reduce the free sugar content before pectin extraction (Gómez 
et al., 2013). Pectin was obtained from the water-extracted LPW and the SBP under specific 
conditions (pH= 1.8; T= 85 ºC; t= 30 min) and precipitated with isopropanol, following the 
methodology developed by Hwang et al. (1998). 
 
2.4. In vitro fermentability assessment and fluorescent in situ hybridization (FISH). 
Samples of refined freeze-dried POS and pectin were assayed for in vitro fermentability using 
fecal inocula from three adult volunteers. Fermentation experiments carried out in batch cultures 
and the evaluation of the microbiota composition by FISH were performed according to Gómez 
et al. (2014). The results obtained by Gómez et al. (2014) with FOS and media free from carbon 
source are also used in this work for comparative purposes; they were obtained by using the 
same faecal samples and the same protocol.  
 
2.5. Statistical Analysis.  
Differences in bacterial populations and acid concentrations were tested using one-way analysis 
of variance (ANOVA) and Tukey’s post hoc test. Differences were considered significant when 
p< 0.05. 
 
  
2.6. Enzymatic hydrolysis of refined pectic oligosaccharides and pectin. 
Samples of refined POS or pectin were dissolved and incubated in shaken flasks with pectin 
lyase (PL) from Aspergillus niger and endopolygalacturonase (PG) from Kluyveromyces fragilis 
as reported Gómez et al. (2014) and the resulting supernatants analysed by High Performance 
Anion Exchange Chromatography (HPAEC).  
 
2.7. Analytical methods. 
2.7.1. High Performance Liquid Chromatography (HPLC). 
Samples of refined POS were assayed for monosaccharides and acetic acid by HPLC, following 
methods reported earlier (Gómez et al., 2014). Also the supernatants from the anaerobic culture 
tubes inoculated with fecal cultures were analyzed by HPLC (after filtration through 0.2 µm 
cellulose acetate membranes) for monosaccharides, formate, lactate and SCFA (acetic, propionic 
and butyric acids) using the cited method. 
  
Samples of refined POS and supernatants derived from the enzymatic hydrolysis of refined POS 
and pectins (according to the method described in section 2.5) were analysed for their content in 
oligomers (of different degree of polymerization, DP) by High Performance Anion Exchange 
Chromatography with Pulsed Amperometric and UV Detection (HPAEC-PAD/UV) as described 
Remoroza et al. (2014). The elution profiles were as follows: 0-15 min 0-5% B, 15-60 min 5-
70% B, 60-65 min 70-100% B, 65-70 min 100% B, 70-70.1 min 100-0% B and finally column 
re-equilibration by 0% B from 70.1 to 85 min. GalA and neutral standards oligomers were used 
for identification and, in the case of the OGalA released after the enzymatic hydrolysis was also 
possible the quantification using the equation: 
nDPk
areapeakPAD
concOGalA

.  
which relates PAD peak area, OGalA concentration and degree of polymerisation (DP), with k= 
0.733 and n= -1.06 for saturated OGalA, and k= 0.938 and n= -1.42 for unsaturated OGalA. 
 
Samples of refined POS and pectins were analyzed by High Performance Size Exclusion 
Chromatography (HPSEC) using an Ultimate 3000 system (Dionex Sunnyvale, CA, USA) as 
described previously Remoroza et al. (2012). 
 
2.7.2. Determination of non-volatile compounds (NVC), other non-volatile compounds (ONVC) 
and oligomers (OS). 
  
NVC were measured by oven drying at 60 °C until constant weight, whereas the content of 
ONVC were calculated by difference as follows:  
NVC
aridesoligosacchridesmonosacchaNVC
ONVC

  
 
OS contents were determined after total enzymatic posthydrolysis and taking into account the 
increase in each monomer concentration. These determinations were performed as per Gómez et 
al. (2013). 
 
2.7.3. Neutral sugars and uronic acid. 
The sugar contents of refined POS and pectin were also quantified by Gas chromatography with 
flame ionization detector (GC-FID) as alditol acetates (Ahmed and Labavitch, 1978), whereas 
the uronic acids were determined colorimetrically with 3-phenylphenol using an automated 
analyzer (Englyst and Cummings, 1984). 
 
2.7.4. Determination of degree of methylation and acetylation (DM and DA). 
After saponification (t= 1 h, 1 M NaOH at room temperature), the DM of POS and pectins were 
measured by a colorimetric method (Guillotin et al., 2007). DA was measured by determining 
the amount of acetic acid produced, using Megazyme acetate kit (Remoroza et al., 2012). 
 
3. RESULTS AND DISCUSSION 
3.1. Chemical composition of pectic oligosaccharides and pectins. 
Based on previous studies (Martínez et al., 2009; Martínez, 2012, Thesis; Gómez et al., 2013), 
mixtures of POS were obtained by authohydrolysis from SBP and LPW and purified by 
membrane filtration to be used in this work. Table 1 shows their chemical composition.  
 
LPOS showed a high OGalA content (0.624 kg/kg NVC), together with significant amounts of 
AraOS (0.139 kg/kg NVC) and GalOS (0.094 kg/kg NVC). These results are in agreement with 
the ones previously published by Gómez et al. (2013), although, the percentage of ONVC 
reached on this work was higher (11.0% vs 1.3%), a fact ascribed to differences in the filtration 
devices. GC-FID analysis (see Table 1.b) revealed the presence of rhamnose (0.53%) and 
mannose (1.82%). LPOS were also characterized by a high DM (61.6%) and a low DA (4.6%). 
SBPOS showed a higher AraOS content (0.362 kg/kg NVC) and a lower proportion of OGalA 
  
(0.337 kg/kg NVC); whereas DM was slightly lower than in the previous case (50%), and DA 
was remarkably higher (37.4%).  
On the basis of the results determined for pectins and POS, it can be noted that negligible effects 
on DA and DM were caused by hydrothermal processing. Concerning the monosaccharide 
profiles, remarkable differences on the contents of neutral sugars from POS and pectins were 
observed. In particular, the arabinose content of SBP pectin was significantly lower than the one 
of SBPOS, a finding ascribed to the partial hydrolysis of arabinan and arabinogalactan upon 
processing, resulting in fragments not recovered in the precipitation stage performed in alcoholic 
medium. 
 
HPAEC elution profiles corresponding to the original samples and to their hydrolysis products 
obtained after treatment with PL and PG give us structural information (Table 2). Oligomers of 
DP≤13 accounted for 22.3 and 41.5% of the total galacturonic acid present in LPOS and SBPOS, 
respectively. In both cases, the content of insaturated OGalA in mixtures is higher than the 
content of saturated ones, especially in SBPOS. On the other hand, in the case of LPOS, up to 
93% of the total GalA in the products could be quantified upon partial hydrolysis with PL and 
PG confirming that up to 70% of OGalA corresponded to products of DP>13. In the case of 
SBPOS, about 73% of the total GalA could be quantified after partial hydrolysis, a fact ascribed 
to the limitation to the hydrolytic action of enzymes caused by the higher proportion of side 
chains (Remoroza, 2014, Thesis). The same pattern was noticed in assays with pectins.  
Figure 1 shows the HPAEC-PAD elution profiles of the samples from LPW, as well as the 
retention times (RT) of some OGalA and AraOS standards. The presence of saturated and 
unsaturated oligomers of DP≤13 was noticed. After the action of the enzymes, the concentration 
of the oligomers with low DP increased substantially, so it is evident the presence of larger 
OGalA in the original samples. The difference between the initial and the hydrolyzed samples 
was especially marked for pectin, in which case almost nothing was detected in the original one. 
HPSEC chromatograms recorded for the pectins, SBPOS and LPOS were also obtained and 
compared with pectin (Mw: 82.0, 63.9 and 51.4 kDa) and pullulan (Mw: 22.8, 11.8 and 5.9 kDa) 
standards (data not showed). The two types of pectins presented similar elution profiles (RT= 
8.75 min), located in the middle of the pectin standards with Mw of 63.9 and 82.0 kDa, but SBP 
pectin showed an additional peak (RT= 13 min) corresponding to fractions of smaller Mw than 
5.9 kDa. In the case of oligosaccharides, the LPOS RT was shorter than the one of SBPOS 
(10.75 vs 11.75 min= ~22.8 vs 5.9-11.8 kDa), confirming the existence of higher-DP oligomers 
  
(according to the data listed in Table 2). However, the SBPOS chromatogram is more 
heterogeneous, showing products within a wide RT range. 
 
From the above data it can be concluded that OGalA from LPW have a higher average molar 
masses than the ones from SBPOS; as well as lower contents of insaturated OGalA of DP≤13, 
higher DM and lower DA. Moreover, the mass ratio OGalA/(AraOS+GalOS) was 2.68 for 
LPOS, in comparison with 0.77 in the case of SBPOS. 
 
3.2. In vitro fermentability assessment using fecal inocula. 
3.2.1. Substrates consumption. 
LPOS and SBPOS concentration profiles are shown in the Figure 2 (Figure 2.a and 2.b, 
respectively). The most marked drop in POS concentration was observed along the first 10 h, a 
period in which up to 69% and 63% of the initial LPOS and SBPOS were consumed, 
respectively. The concentrations of OGalA and AraOS decreased by 65% and 83%, respectively, 
for LPOS and by 49% and 72% for SBPOS, respectively, demonstrating that SBPOS were 
consumed at slightly lower rate. This fact suggests that SBPOS could reach more distant parts of 
the colon.  
 
3.2.2. Dynamics of microbiota. 
Beneficial microbes like Bifidobacterium, Lactobacillus and Eubacterium usually ferment 
carbohydrates, do not produce toxins and may cause a range of benefits for the host, including 
enhancement of the immune system and competitive inhibition of pathogens (Binns, 2013). 
Oppositely, the microbial metabolism of proteins in the large intestine can result in the formation 
of harmful metabolites, including nitrosamines (Scott et al., 2013). 
The investigations on the effects of prebiotics on gut health should not be just limited to assess 
selected bacterial groups, but the greatest possible part of the microbial ecosystem. According to 
Scott et al. (2014), only by monitoring total population shifts will we improve our understanding 
of the mode of action of prebiotics and our ability to determine their true role in promoting 
health.  
 
The shifts in the microbiota counts after 24 h of fermentation of the four pectin-derived 
substrates and FOS are well illustrated in the Figure 3. This information is of basic importance to 
identify the best prebiotic for inducing a given type of microbiota modification. It can be noted 
  
that in this work, the joint counts of the 8 bacterial groups considered accounted for 94 - 100% of 
the total bacteria counts.  
All the tested substrates enabled increases of bifidobacteria and lactobacilli, which increased 
their proportions respect to the total bacteria along fermentations. The stronger bifidogenic 
effects were noticed for SBPOS, which boosted the percentage of bifidobacteria from 11.8% of 
the total counts up to 23.4%. 
The highest increases in lactobacilli numbers were observed in cultures with FOS (6.8 to 18.6%) 
and LPOS (6.8 to 14.4%). Considering the joint population of the various healthy bacterial 
groups (Bifidobacteria and Lactobacillus-Enterococcus) after 24 h, LPOS and SBPOS boosted 
the growth from 18.5% up to 29.2 and 34.3, respectively, a result remarkably higher than the 
obtained with FOS (27%). In comparison, lower effects were observed in cultures with SBP 
pectin (accounting for 24.2% of total counts).  
The selective proliferation of bacteroides was more important in media containing LPW pectin, 
in which this population increased from 16.7% up to 20% of total counts. No significant 
variations were observed in cultures with SBP pectin and FOS, whereas LPOS and SBPOS 
caused slightly negative effects (the population percentage decreased to 12-13% of the total 
counts). 
The percentage of clostridia populations dropped along fermentations in media containing 
LPOS, SBPOS and FOS, but increased (from 16.8 up to 20%) in media containing pectins. The 
percentage corresponding to the Atopobium population decreased in all fermentations. A similar 
behaviour was observed for F. prausnitzii, even if, with FOS, the negative effects were less 
marked. The Erec482 group kept its relative population almost constant, no matter the substrate 
considered; whereas the Rint623 population increased in media with LPOS from 9.8 up to 11.8% 
of the total bacteria. 
 
The changes in each bacterial population observed in the experiments with the various substrates 
considered and at different times are explained below (see Table 3): 
 
Total bacteria (DAPI). 
All the tested substrates enabled significant increases in the counts of total bacteria, no matter the 
fermentation time. After 48 h, the increases in total bacteria observed in media containing LPOS 
or LPW were higher than the ones found in media formulated with SBP pectin or SBPOS (the 
total bacteria population was increased by a factor of 30 in the LPW or LPOS and by a factor of 
20 in the SBP derived substrates). In comparison, a factor of 28 was achieved in media 
  
containing FOS. Moreover, the increase observed for SBP pectin was significantly lower than 
was observed for the rest of substrates. 
 
Bifidobacterium genus (Bif164 probe). 
Bifidobacteria and lactobacilli have been traditionally considered as the major microbial targets 
for prebiotic action, due to their health effects. For instance, lactic acid bacteria affect the levels 
of blood lipids, reducing the total and LDL cholesterol (Mandalari et al., 2007).  
No matter of the carbon source considered, a large increases in the number of bifidobacteria 
upon fermentation were noticed, although after 5 h only LPOS and SBPOS increased the 
bifidobacteria population significantly respect to the negative control. This fact suggests the 
preference of Bifidobacterium for low Mw substrates. Al-Tamimi et al. (2006) reported similar 
conclusions in experiments using AraOS from SBP as substrates. 
In media containing LPOS, SBPOS or LPW pectin, the populations of bifidobacteria increased 
by factors in the range 32-40 after 10 h or fermentation, and by factors in the range 40-50 after 
24 h. These results were slightly higher than the ones achieved with POS and pectin from orange 
peels or with FOS (Gómez et al. 2014). In comparison, in media containing SBP pectin, the 
population increased by a multiplication factor (MF) of 20. Since SBP pectin and SBPOS have 
similar DM and DA, the observed differences in bifidogenic ability seem related to the chain size 
and/or to the effects of arabinan and arabinogalactan side chains. In comparison with SBP pectin, 
LPW pectin enabled higher increases in bifidobacteria counts after 24 h, but no differences in 
bifidogenic capacity were observed between the derived POS. This finding confirms that factors 
such as the average molar mass of the studied POS, as well as their DM and DA were not 
influential. These findings are in agreement with the results reported by Olano-Martin et al. 
(2002) and Gómez et al. (2014), who observed that both pectins and POS significantly increased 
the number of bifidobacteria.  
 
Lactobacillus-Enterococcus group (Lab158 probe).  
After 5 h or 10 h of fermentation, in cultures with the various substrates, the numbers of 
lactobacilli (8.26-8.55 log cells/mL) were not significantly different. After 24 h, the highest 
concentrations of this group of bacteria corresponded to the experiment performed with FOS, a 
finding in agreement with literature (Gómez et al., 2013b; Chen et al., 2013; Mandalari et al., 
2008; Al-Tamimi et al., 2006; Manderson et al., 2005). 
  
The population growth observed after 24 h in media containing LPOS, LPW pectin or FOS was 
not significantly different among them, but they were significantly higher than the ones 
determined for SBP pectin. At the same fermentation time, the MF determined for media 
containing LPOS and LPW pectin were 68 and 62, respectively (in comparison with 76 
determined for FOS); whereas the ones obtained with SBPOS and SBP pectin did not exceed 32 
and 23, respectively. The lower MF determined for pectins in comparison with their respective 
oligomers is in agreement with the pattern reported for pectin and POS derived from orange 
peels (Gómez et al., 2014). In related studies Olano-Martin et al. (2002) reported that POS 
fermentation resulted in non-significant increases of lactobacilli populations; whereas Chen et al. 
(2013) confirmed the ability of POS from apple for promoting the growth of Lactobacillus. 
 
Bacteroides-Prevotella group (Bac303 probe).  
The genus Bacteroides makes part of the phylum Bacteroidetes, which together with Firmicutes 
account for about 90% of the human intestinal microbiota (Gómez et al. 2014). Bacteroides, 
Prevotella and Ruminoccus are the Enterotypes of the human microbiota (Arumugan et al. 
2011), which are versatile saccharolytic microorganisms and reponsible from the major part of 
polysaccharide digestion occurring in the human large intestine (Salazar et al., 2009). 
Bacteroides may produce acetic and propionic acids from carbohydrates. The latter is considered 
as a healthy compound that can inhibit the synthesis of cholesterol.  
Populations of Bacteroides showed identical shifts in cultures with SBPOS or SBP pectin, with 
MF of 16, no matter the obvious DP differences between substrates. The highest MF were 
observed in cultures with LPW pectin (50), LPOS (26) and FOS (28). This behavior was also 
observed for pectin and POS derived from OPW (Gómez et al., 2014).  
Onumpai et al. (2011) reported on the ability of bacteria belonging to the Bacteroides/Prevotella 
group to grow on a variety of pectin-derived substrates, including polygalacturonic acid, 
methylated pectin, DP 9 OGalA, methylated OGalA, GalOS, AraOS, galactan, arabinan and 
inulin. 
 
Clostridium histolyticum group clusters I and II (Chis150 probe). 
The number of cells belonging to this group increased in cultures with all the substrates, without 
significant differences among them after 5 h. The media with LPW pectin allowed comparatively 
high population increases (MF = 54 after 10 h) respect to the ones caused by SBP-derived 
substrates (MF = 18). Oppositely, the data obtained with FOS and LPOS were not significantly 
  
different (see Table 3). No significant differences among the effects caused by LPOS, SBPOS 
and FOS were observed after 24 h. This finding is in agreement with literature reported on the 
growth of Clostridium and Bacteroides in media containing apple pectin as a carbon source 
(Chen et al., 2013). Concerning the utilization of pectin by these two bacteria, their ability to 
produce pectate lyases has been reported (Dongowski, et al., 2000). 
In general, Clostridia are considered as harmful bacteria, so SBP pectin and SBPOS were the 
most favorable substrates from this point of view. 
 
Atopobium cluster (Ato291 probe).  
The Atopobium cluster corresponds to a dominant group of human bacteria, but its role is still 
undefined. The population increases observed after 5 h in media containing pectins were 
significantly different from the ones caused by FOS (which increased significantly from the 
beginning of the fermentation). Increases in the numbers of this counts belonging to cluster after 
FOS ingestion have been reported (Saulnier et al., 2008). 
No significant differences among the substrates derived from a given raw material were 
observed, no matter the fermentation time. In comparison with the population increases found for 
other bacterial groups, limited MF were reached after 48 h (19, 15, 12 and 9 for media 
containing LPOS, LPW pectin, SBPOS and SBP pectin, respectively). In comparison, MF=14 
was reached in media containing FOS. LPW pectin and LPOS were the only substrates resulting 
in statistically significant population increases relative to the control.  
 
Clostridium coccoides /Eubacterium rectale group (Clostridium clusters XIVa+b, Erec482 
probe). 
 
The growth of Eubacterium rectale is of special interest owing its ability to produce butyrate. No 
significant differences among the various culture media were observed after 5 or 10 h. After 24 
h, both pectin and LPOS showed significantly higher population increases (MF of 38 and 32, 
respectively) than the ones observed for SBP pectin and SBPOS (MF around 16 in both cases) 
and for FOS (MF = 22). 
Chen et al. (2013) reported enhanced eubacteria growth on pectin in comparison with the respective 
POS. In this work, similar population increases were observed for LPOS and LPW pectin or 
between SBPOS and SBP pectin, suggesting that the DP of the substrates was not a relevant factor. 
Also, Gómez et al. (2014) found no significant differences in the Erec482 counts using POS and 
pectin from OPW and FOS as carbon sources. On the other hand, Sarbini et al. (2011) did not 
  
observe a stimulation of this bacterial group on the fermentation of different dextrans with various 
DP. 
 
Part of Clostridium cluster IV (Faecalibacterium prausnitzii group, Fpra655 probe).  
No statistically significant differences among the number of bacteria belonging to this group 
were observed after 10 h among cultures with the various substrates considered. However, after 
24 h, the increase observed in media containing LPOS (MF= 25) were significantly higher than 
the ones reached with SBPOS and SBP pectin (MF= 9 and 11, respectively), and non-
significantly higher than the ones determined for LPW pectin and FOS (MF of 14 and 16, 
respectively). 
This group may be considered beneficial, as it is a predominant butyrate producing bacteria in 
the human colon. Low F. prausnitzii numbers correlated with the recurrence of inflammatory 
bowel disease (Onumpai et al., 2011). A significant decrease of F. prausnitzii was observed for 
four substrates (Allolactose + 6-galactobiose, 4′-Galactosyl-lactose, 6′-Galactosyl-lactose and 
Bimuno-GalOS) in a previous work (Rodriguez-Colinas et al., 2013). A similar patterns was 
reported by Sarbini et al. (2011) in a study on the fermentation of a series of linear and α(1→2)-
branched dextrans; whereas Onumpai et al. (2011) did not observe growth F. prausnitzii on most 
substrates considered, including inulin, but higher numbers were found on methylated citrus 
pectin and methylated OGalA. This fact is in agreement with our results, since LPOS (which is 
comparatively rich in high-methylated OGalA) was the best substrate for F. prausnitzii growth. 
The higher stimulation of F. prausnitzii with LPOS is an important fact, given the ubiquity of 
this strain in healthy individuals and showing a reduced abundance in ileal Crohn’s disease 
patients (Sokol et al., 2009; Scott y col., 2014). 
 
Roseburia intestinalis (Rint623 probe). 
The growth of R. intestinalis, a butyrate-producing group of bacteria, was comparatively better 
in cultures containing POS, but the only significant differences after 24 h corresponded to 
experiments with LPOS and SBP pectin. This suggest the preference of this group of bacteria for 
substrates of limited DP and for mixtures of OGalA of low DA and high DM. LPOS 
fermentation resulted in MF= 39, in comparison with MF of 15 or lower determined for media 
containing SBPOS or pectins. FOS and orange-derived POS also presented ability to enhance 
growth (MF= 27) (Gómez et al., 2014). The increase in the proportion of the Roseburia group 
with LPOS (see Figure 3) is important since it is associated with an increase in butyrate levels 
  
and a significant negative correlation with weight gain, cholesterolemia and genes involved in 
fatty acid uptake (Scott et al., 2013). 
 
3.2.3. Effects on pH and organic acid generation. 
Fermentations resulted in formation of lactate, SCFA and other organic acids. The generation of 
total organic acids in cultures with the various substrates and the pH evolution during 
fermentations are shown in Figures 2.c and 2.d, respectively; whereas additional information on 
the changes in lactate, formate and SCFA concentrations along fermentation of media containing 
pectins, POS, FOS and negative control are listed in Table 4.  
 
The SCFA concentation increased with the fermentation time up to reach a plateau after 32 h. 
The highest SCFA concentrations obtained after 48 h (105-118.8 mM) corresponded to media 
containing LPOS and SBPOS, whereas the media containing pectins and control showed 
significantly lower concentrations (88 mM and 44 mM, respectively).  
Similar concentrations of total organic acids (110 - 123 mM) were noticed in assays with FOS, 
SBPOS and LPOS. Lower generation of total acids was observed in media containing pectins; 
whereas marked pH drops were recorded in the first 10 hours of fermentation (Figure 2.d). 
 
Acetate was the most abundant SCFA, followed by butyric acid and propionic acid in almost all 
substrates, except for SBP pectin where the production of propionate was higher than the 
butyrate. After 18 h of fermentation, the highest acetate concentrations corresponded to media 
containing LPOS or SBPOS, for which significant differences relative to media containing 
pectins or FOS were noticed. This is coherent with the dynamics of microbial populations, since 
SBPOS and LPOS promote the growth of bifidobacteria and lactobacilli (see Figure 3), which 
are acetate producers.  
Similar results were found by Gómez et al. (2014) in cultures with POS and pectin from OPW. 
In a related study, Onumpai et al. (2011) observed similar acetate productions in cultures with 
fractions containing galacturonic acid (PGalA, OGalA DP5, OGalA DP9, MPec, MOGalA and 
ORham) and neutral fractions (Galactan, PGOS, Arabinan and Oar). 
 
Moderate increases in butyrate concentration were noticed in media containing LPOS and LPW 
pectin, whereas a higher concentration was obtained in media containing FOS (27.4 mM after 48 
h). The concentrations obtained with FOS in the period 24-48 h were significantly higher than 
the ones observed for SBP pectin. Increased (but not significantly different) values were 
  
obtained for POS in comparison with pectins. In literature, FOS have been reported to increase 
the butyrate concentrations more than AXOS (Gullón et al., 2014). The comparatively high 
concentrations of butyrate can be explained by increased population of Eubacterium rectale, 
Roseburia intestinalis and F. prausnitzii, the major butyrate-producers in human feces 
(Rodriguez-Colinas et al., 2013). The population shifts observed for these three groups were 
promoted in higher extent by LPOS, whereas FOS boosted especially the growth of the group 
Rint623, and the LPW pectin increased selectively the population of Erec482. In comparative 
terms, SBP pectin caused effects of limited importance on the mentioned populations of 
butyrate-producing bacteria, leading to the lowest butyrate concentrations. 
Besides causing healthy effects on carcinogenesis, inflammation and oxidative stress, butyrate is 
known to affect several components of the colonic defense barrier, resulting in enhanced 
protection against luminal antigens (Hamer et al., 2008).  
 
The highest concentrations of propionic acid, an important SCFA for the gut, were found after 
32-48 h in media containing pectin from SBP or LPW. In particular, the results obtained with 
SBP pectin were significantly higher than the ones caused by FOS or LPOS. 
Leijdekkers et al. (2014) observed that propionate was produced mainly during in vitro 
fermentation in cultures with SBPOS. Propionate production seems related to dynamics of the 
Bacteroides population (Gómez et al., 2014). In fact, the highest percentages of Bacteroides after 
24 h were reached using pectins as substrates (see Figure 3). 
 
Lactate is a metabolite of carbohydrate fermentation that can be converted into acetate, 
propionate, and butyrate by common intestinal bacteria (Leijdekkers et al., 2014). This explains 
the low lactate concentrations found in experiments with pectins and POS. However, the 
fermentation of FOS resulted in a high production of lactic acid along the first 18 h. This 
behavior is coherent with the changes in the numbers of bifidobacteria and lactobacilli (which 
are lactic acid producers). 
 
4. CONCLUSIONS 
Hydrothermal processing of lemon peel wastes or sugar beet pulp and further purification 
enabled the production of OS concentrates denoted LPOS and SBPOS, respectively. The use of 
these POS as potential prebiotics was assessed by in vitro fermentation using human fecal 
inocula. Pectins derived from LPW or SBP and commercial FOS were also included in the study 
for comparisons. 
  
Fermentations were studied by measuring the consumption of substrates, the evolution of 
selected microbial populations, the organic acid production and pH profiles. 
All the tested groups of bacteria increased their populations upon fermentation, but their relative 
proportions in respect to the total cell counts were modified upon fermentation. 
SBPOS, which presented different properties than LPOS and pectins in terms of average DP, 
DA, DM, and mass ratio neutral sugars/galacturonic acid, showed an important bifidogenic 
ability, enabling a shift in bifidobacteria upon fermentation (from 11.8 up to 23.4% of total 
counts). The lactobacilli population was boosted in fermentation with LPOS (from 6.8 up to 
14.4% of total counts), an ability only exceeded by FOS. The joint populations of bifidobacteria 
and lactobacilli accounted for 18.5% of total counts at the beginning of fermentations, and 
increased up to 29.2% in the case of LPOS, 34% in the case of SBPOS and 32% in the case of 
FOS. LPOS also enhanced the growth of Roseburia intestinalis group; whereas pectins allowed 
the growth of clostridia and Bacteroides. The relative populations of the Atopobium and 
Faecalibacterium prausnitzii groups decreased in cultures with the various substrates considered. 
Concerning SCFA production, no significant differences were observed in cultures with SBPOS, 
LPOS and FOS (which led to maximum concentrations of 123.4, 114.4 y 109.8 mM, 
respectively); but these concentrations were higher than the ones obtained with pectins from 
LPW or SBP (97.4 and 88.7mM, respectively). The SCFA profile after 48 h depended on the 
considered substrate: for POS cultures, the individual concentrations of SCFA followed the order 
acetate >> butyrate > propionate; cultures with SBP pectin resulted in media with acetate >> 
propionate > butryrate. A different profile (characterized by important amounts of lactate and 
formate) was observed in cultures with FOS. 
As a general conclusion, fermentations with LPOS and SBPOS caused shifts of the populations 
of healthy bacteria, confirming the potential of both substrates as prebiotics. 
 
 
 
 
 
 
 
 
 
 
  
ABBREVIATIONS 
AcO= Acetyl substituents in oligomers           LPW= Lemon peel wastes 
AraOS= Arabinooligosaccharides            MF= Multiplication factor                                     
DAPI= 4’, 6-diamidino-2-phenylindole           Mw= Molecular weight 
DA= Degree of acetylation             NVC= Non-volatile compounds 
DM= Degree of methylation             OGalA= Oligogalacturonides 
DP= Degree of polimerization            ONVC= Other non-volatile compounds 
FISH= Fluorescent in Situ hybridization           OPW= Orange peel wastes 
FOS= Fructooligosaccharides          PAD= Pulsed amperometric detection 
GalA= Galacturonic acid             PG= Endopolygalacturonase 
GalOS= Galactooligosaccharides            PL= Pectin lyase 
GC-FID= Gas chromatography with Flame           POS= Pectic oligosaccharides 
ionization detector              RT= Retention time 
GlcOS= Glucooligosaccharides            SBP= Sugar beet pulp  
HPAEC= High performance anion exchange         SBPOS= Pectic oligosaccharides 
chromatography         derived from SBP 
HPLC= High performance liquid chromatography         SCFA= Short chain fatty acids     
HPSEC= High performance size exclusion chromatography  
LPOS= Pectic oligosaccharides derived from LPW 
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TABLES 
 
Table 1. Chemical composition of substrates  
 
a) Pectic oligosaccharides concentrates from sugar beet pulp and lemon peel wastes (SBPOS and 
LPOS, respectively). Data obtained by HPLC and expressed as kg/ kg non-volatile 
compounds (NVC). 
 
Component SBPOS LPOS 
Glucose 0.006 0.005 
Galactose 0.006 0.004 
Arabinose 0.001 0.001 
Galacturonic acid 0.000 0.000 
Acetic acid 0.000 0.000 
GlcOSa 0.027 0.015 
GalOSb 0.078 0.094 
AraOSc 0.362 0.139 
AcOd 0.042 0.008 
OGalAe 0.337 0.624 
ONVCf 0.142 0.110 
NVC content in SBPOS: 0.165 kg NVC/kg liquor; NVC content in LPOS: 0.095 kg NVC/kg liquor 
a GlcOS= glucooligosaccharides; b GalOS= galactooligosaccharides; c AraOS= arabinooligosaccharides; d AcO= acetyl substituents in 
oligomers; e OGalA= oligogalacturonides; f ONVC= other non-volatile compounds. 
 
 
b) SBPOS, LPOS and pectins from sugar beet pulp and lemon peel wastes. Data obtained by 
analysis using Gas chromatography with flame ionization detector. 
 
Stream 
Sugar Composition (w/w%) DM* 
(%) 
DA# 
(%) Rhamnose Arabinose Xylose Mannose Galactose Glucose Galacturonic acid 
SBPOS 0.75 ± 0.07 29.40 ± 0.34 0.17 ± 0.01 0.68 ± 0.04 6.74 ± 0.09 1.62 ± 0.02 33.91 ± 1.85 
50.0 
± 5.1 
37.4 
± 1.3 
LPOS 0.53 ± 0.02 10.34 ± 0.23 0.49 ± 0.02 1.82 ± 0.00 6.50 ± 0.02 1.97 ± 0.14 56.23 ± 3.70 
61.6 
± 3.9 
4.6 ± 
0.2 
SBP 
Pectin 
0.29 ± 0.02 9.16 ± 0.32 0.14 ± 0.01 0.31 ± 0.06 4.21 ± 0.24 0.93 ± 0.14 40.78 ± 2.80 
48.2 
± 2.3 
32.4 
± 1.0 
LPW 
Pectin 
0.35 ± 0.03 6.81 ± 0.34 0.26 ± 0.02 0.43 ± 0.05 2.70 ± 0.09 2.20 ± 0.61 52.46 ± 5.62 
60.6 
± 2.4 
1.7 ± 
0.1 
Determinations were made by triplicate, standard deviations are shown. 
* DM= Degree of methylation; # DA= Degree of acetylation 
 
 
 
 
 
  
 
Table 2. Compositional data of oligogalacturonides (OGalA) in the pectic oligosaccharides 
concentrates (POS) and pectins obtained by HPAEC-PAD/UV, before and after of the 
enzymatic hydrolysis with pectin-liase (PL) and endopolygalacturonase (PG). Data 
expressed as percentage respect to the total galacturonic acid content. 
 
 
  POS POS (PL+PG) PECTINS PECTINS (PL+PG) 
Saturated OGalA LPOSa SBPOSb LPOSa SBPOSb LPWc SBPd        LPWc SBPd 
DP1 0.06 0.03 3.90 0.56 0.00 0.07 4.64 0.47 
DP2 0.01 0.08 7.63 2.83 0.00 0.02 7.70 1.53 
DP3 0.20 0.95 14.91 3.02 0.02 0.04 16.85 2.86 
DP4 0.96 0.48 19.24 3.94 0.07 0.10 19.93 3.51 
DP5 0.77 1.14 16.44 2.92 0.05 0.07 19.82 3.45 
DP6 0.70 0.38 9.93 2.00 0.00 0.00 11.66 3.57 
DP7 1.48 1.35 4.13 4.15 0.00 0.00 3.12 4.82 
DP8 1.13 0.97 1.48 2.86 0.02 0.06 1.87 3.72 
DP9 1.35 0.00 1.07 2.86 0.08 0.00 1.31 4.01 
DP10 1.03 0.63 0.64 0.90 0.07 0.07 0.60 1.55 
DP11 1.06 0.63 0.00 0.00 0.00 0.00 0.00 0.00 
DP12 0.93 4.43 0.00 0.00 0.00 0.00 0.00 0.00 
Total Saturated OGalA 9.61 11.03 75.46 25.49 0.31 0.35 82.85 29.03 
Unsaturated OGalA         
DP2 0.27 0.42 1.14 1.37 0.01 0.02 0.66 0.34 
DP3 0.44 1.62 1.41 2.03 0.05 0.06 0.53 0.18 
DP4 0.00 2.00 4.63 5.14 0.09 0.14 0.00 0.00 
DP5 0.28 3.35 4.78 3.88 0.22 0.15 2.72 0.69 
DP6 0.80 3.60 2.41 4.84 0.18 0.19 0.56 1.17 
DP7 0.86 0.00 1.43 4.94 0.22 0.00 0.35 2.61 
DP8 0.80 0.16 0.88 4.82 0.35 0.25 0.13 1.30 
DP9 1.92 5.63 0.50 5.29 0.25 0.24 0.24 2.04 
DP10 2.00 0.41 0.33 5.09 0.32 0.32 0.00 1.78 
DP11 1.93 6.68 0.00 4.45 0.32 0.32 0.00 1.53 
DP12 1.76 6.54 0.00 3.18 0.31 0.33 0.00 0.99 
DP13 1.62 0.00 0.00 2.45 0.31 0.00 0.00 0.93 
Total Unsaturated OGalA 12.66 30.42 17.49 47.49 2.64 2.03 5.19 13.55 
TOTAL (%) 22.27 41.45 92.96 72.98 2.95 2.38 88.04 42.58 
DP= Degree of polymerization;  
a LPOS= Pectic oligosaccharides concentrates from LPW; b SBPOS= Pectic oligosaccharides concentrates from SBP 
c LPW= Lemon peel wastes; d SBP= Sugar beet pulp 
 
 
 
 
  
Table 3. Average values of bacterial population counts determined for cultures with the various 
substrates (expressed as log cells/mL). 
 
Probe/ 
Time (h) 
Substrate 
Stain* LPOSa SBPOSb LPW PECTINc SBP PECTINd FOSe CONTROL 
DAPI 0 8.26 ± 0.06 8.26 ± 0.06 8.26 ± 0.06 8.26 ± 0.06 8.26 ± 0.06 8.26 ± 0.06 
 
5 9.41 ± 0.08
b, 2 9.31 ± 0.06b, 2 9.41 ± 0.05b, 2 9.25 ± 0.05b, 2 9.16 ± 0.18b, 2 8.63 ± 0.09b 
 
10 9.71 ± 0.02
c, 3 9.59 ± 0.03b, 2, 3 9.77 ± 0.02c, 3 9.46 ± 0.02b, 2 9.60 ± 0.06b, c, 2, 3 8.77 ± 0.06b 
 
24 9.77 ± 0.04
c, 3 9.55 ± 0.10b, 2, 3 9.84 ± 0.03c, 3 9.45 ± 0.05b, 2 9.70 ± 0.09c, 2, 3 8.87 ± 0.03b 
Bif164 0 7.33 ± 0.03 7.33 ± 0.03 7.33 ± 0.03 7.33 ± 0.03 7.33 ± 0.03 7.33 ± 0.03 
 
5 8.66 ± 0.12
b, 2 8.67 ± 0.03b, 2 8.45 ±  0.04b, 1, 2 8.40 ± 0.02b, 1, 2 8.45 ± 0.16b, 1, 2 8.09 ± 0.12b 
 
10 8.84 ± 0.04
b, 2 8.94 ± 0.13b, 2 8.91 ± 0.05c, 2 8.62 ± 0.06c, 2 8.76 ± 0.13b, 2 7.98 ± 0.10b 
 
24 8.93 ± 0.06
b, 2, 3 8.92 ± 0.05b, 2, 3 9.05 ± 0.08c, 3 8.60 ± 0.05c, 2 8.83 ± 0.14b, 2, 3 8.10 ± 0.14b 
Lab158 0 7.09 ± 0.10 7.09 ± 0.10 7.09 ± 0.10 7.09 ± 0.10 7.09 ± 0.10 7.09 ± 0.10 
 
5 8.55 ± 0.13
b, 2 8.50 ± 0.03b, 2 8.34 ± 0.08b, 2 8.26 ± 0.07b, 2 8.42 ± 0.15b, 2 7.73 ± 0.15b 
 
10 8.74 ± 0.07
b, 3 8.72 ± 0.01b, 2, 3 8.80 ± 0.05c, 3 8.44 ± 0.06b, 2 8.69 ± 0.06b, c, 2, 3 7.78 ± 0.08b 
 
24 8.92 ± 0.08
b, 3 8.59 ± 0.19b, 2, 3 8.88 ± 0.03c, 3 8.46 ± 0.03b, 2 8.97 ± 0.06c, 3 7.95 ± 0.07b 
Bac303 0 7.45 ± 0.02 7.45 ± 0.02 7.45 ± 0.02 7.45 ± 0.02 7.45 ± 0.02 7.45 ± 0.02 
 
5 8.51 ± 0.04
b, 2, 3 8.47 ± 0.07b, 2, 3 8.67 ± 0.07b, 3 8.40 ± 0.12b, 2, 3 8.09 ± 0.13b, 1, 2 7.81 ± 0.13a, b 
 
10 8.66 ± 0.02
b, c, 2 8.61 ± 0.04b, 2 9.05 ± 0.02c, 3 8.66 ± 0.02b, 2 8.61 ± 0.06c, 2 8.06 ± 0.13b 
 
24 8.86 ± 0.10
c, 2, 3 8.66 ± 0.07b, 2 9.15 ± 0.06c, 3 8.66 ± 0.06b, 2 8.89 ± 0.02c, 2, 3 8.12 ± 0.06b 
Chis150 0 7.48 ± 0.06 7.48 ± 0.06 7.48 ± 0.06 7.48 ± 0.06 7.48 ± 0.06 7.48 ± 0.06 
 
5 8.71 ± 0.04
b, 2 8.51 ± 0.04b, 2 8.77 ± 0.06b, 2 8.52 ± 0.09b, 2 8.37 ± 0.25b, 2 7.86 ± 0.09a, b 
 
10 8.92 ± 0.05
b, c, 2, 3 8.73 ± 0.10b, 2 9.21 ± 0.04c, 3 8.78 ± 0.00b, 2 8.84 ± 0.08b, 2, 3 8.02 ± 0.13b 
 
24 8.98 ± 0.08
c, 2, 3 8.71 ± 0.17b, 2 9.16 ± 0.05c, 3 8.73 ± 0.05b, 2, 3 8.84 ± 0.11b, 2, 3 7.87 ± 0.14a, b 
Ato291 0 7.28 ± 0.05 7.28 ± 0.05 7.28 ± 0.05 7.28 ± 0.05 7.28 ± 0.05 7.28 ± 0.05 
 
5 8.26 ± 0.010
b, 2, 3 8.30 ± 0.05b, 2, 3 8.39 ± 0.07b, 3 8.43 ± 0.05b, 3 7.98 ± 0.11b, 1, 2 7.75 ± 0.06b 
 
10 8.56 ± 0.08
b, 3 8.48 ± 0.03b, 2, 3 8.53 ± 0.07b, 2, 3 8.29 ± 0.07b, 2, 3 8.22 ± 0.09b, 2 7.89 ± 0.04b 
 
24 8.56 ± 0.12
b, 2 8.35 ± 0.19b, 1, 2 8.45 ± 0.11b, 2 8.26 ± 0.08b, 1, 2 8.43 ± 0.15b, 1, 2 7.84 ± 0.07b 
Erec482 0 7.40 ± 0.13 7.40 ± 0.13 7.40 ± 0.13 7.40 ± 0.13 7.40 ± 0.13 7.40 ± 0.13 
 
5 8.38 ± 0.06
b, 2 8.42 ± 0.13b, 2 8.65 ± 0.07b, 2 8.46 ± 0.16b, 2 8.25 ± 0.17b, 1, 2 7.81 ± 0.01 
 
10 8.90 ± 0.09
c, 2 8.68 ± 0.09b, 2 8.80 ± 0.14b, 2 8.80 ± 0.16b, 2 8.91 ± 0.12c, 2 7.80 ±- 0.23 
 
24 8.90 ± 0.05
c, 2, 3 8.62 ± 0.21b, 2 8.98 ± 0.08b, 3 8.59 ± 0.05b, 2 8.75 ± 0.07b, c, 2, 3 7.95 ± 0.07 
Fpra655 0 7.40 ± 0.14 7.40 ± 0.14 7.40 ± 0.14 7.40 ± 0.14 7.40 ± 0.14 7.40 ± 0.14 
 
5 8.39 ± 0.12
b, 2 8.26 ± 0.07b, 2 8.45 ± 0.11b, 2 8.48 ± 0.13b, 2 8.17 ± 0.12b, 2 7.68 ± 0.04a, b 
 
10 8.69 ± 0.10
b, 2 8.46 ± 0.07b, 2 8.47 ± 0.04b, 2 8.52 ± 0.06b, 2 8.50 ± 0.08b, 2 7.98 ± 0.12b 
 
24 8.80 ± 0.12
b, 3 8.37 ± 0.06b, 2 8.55 ± 0.14b, 2, 3 8.44 ± 0.11b, 2 8.59 ± 0.07b, 2, 3 7.96 ± 0.03b 
Rint623 0 7.25 ± 0.22 7.25 ± 0.22 7.25 ± 0.22 7.25 ± 0.22 7.25 ± 0.22 7.25 ± 0.22 
 
5 8.10 ± 0.11
b, 1, 2 8.07 ± 0.10b, 1, 2 8.29 ± 0.09b, 2 7.83 ± 0.23b, 1, 2 7.99 ± 0.06b, 1, 2 7.39 ± 0.23 
 
10 8.58 ± 0.12
b, c, 2 8.42 ± 0.01b, 2 8.36 ± 0.08b, 2 8.22 ± 0.17b, 1, 2 8.61 ± 0.12c, 2 7.78 ± 0.07 
24 8.84 ± 0.07
c, 3 8.44 ± 0.10b, 1, 2, 3 8.43 ± 0.25b, 1, 2, 3 8.12 ± 0.14b, 1, 2 8.68 ± 0.03c, 2, 3 7.86 ± 0.13 
Data from an average of three different donors, standard error is shown (n= 3). 
Different letters for the same probe and same substrate indicate significant differences (Tukey´s test, p< 0.05) between different time points (no 
letter= a). Different numbers in the same row indicate significant differences between different substrates (no number= 1). 
a LPOS= Pectic oligosaccharides concentrates from LPW; b SBPOS= Pectic oligosaccharides concentrates from SBP; c LPW Pectin= Pectin 
from lemon peel wastes; d SBP Pectin= Pectin from sugar beet pulp; e FOS: Fructooligosaccharides 
 
  
DAPI: 4’,6-diamidino-2-phenylindole; Bif164: Bifidobacterium; Lab158: Lactobacillus/Enterococcus; Bac303: Bacteroides/Prevotella; 
Chis150: Clostridium histolyticum clusters I and II; Ato291: Atopobium; Erec482:  Clostridium coccoides/Eubacterium rectale; 
Fpra655:Faecalibacterium prausnitzii; Rint623: Roseburia intestinalis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Table 4. Average values of the concentrations of lactate and short chain fatty acids (mM) in 
fermentation media made with the various substrates. 
 
Organic acid  
(mM) 
Time (h) 
Substrate 
LPOSa SBPOSb LPW PECTINc SBP PECTINd FOSe CONTROL 
Lactate 0 0.21 ± 0.14 0.24 ± 0.17 0.03 ± 0.00 0.01 ± 0.001 0.07 ± 0.03 0.04 ± 0.01 
 5 1.49 ± 0.74a, b 0.68 ± 0.05a, b 1.09 ± 0.20a, b 0.88 ± 0.13a, b 4.08 ± 1.90b 0.01 ± 0.00 
 10 0.27 ± 0.09 0.19 ± 0.13 0.74 ± 0.39 0.49 ± 0.41 10.48 ± 4.81b 0.00 ± 0.00 
 18 0.05 ± 0.05 0.08 ± 0.08 0.00 ± 0.00 0.00 ± 0.00 16.22 ± 6.22b 0.04 ± 0.04 
 24 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 16.03 ± 7.35b 0.00 ± 0.00 
 32 0.04 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 16.84 ± 8.17b 0.00 ± 0.00 
 48 0.02 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 15.62 ± 7.66b 0.00 ± 0.00 
Acetate 0 3.18 ± 2.14 3.05 ± 1.05 1.35 ± 0.21 4.50 ± 1.48 0.49 ± 0.19 3.34 ± 1.66 
 5 21.45 ± 3.37 17.82 ± 6.55 16.21 ± 3.76 19.78 ± 5.10 12.68 ± 4.63 4.15 ± 0.58 
 10 58.60 ± 7.74b 61.33 ± 11.58b 34.80 ± 4.40a, b 33.52 ± 5.39a, b 32.22 ± 3.40a, b 10.82 ± 1.38 
 18 74.57 ± 2.29c 80.72 ± 5.53c 48.96 ± 3.31b 45.19 ± 4.01b 44.05 ± 3.72b 20.66 ± 0.65 
 24 74.82 ± 2.06c 83.24 ± 4.61c 48.27 ± 2.77b 49.48 ± 2.46b 40.37 ± 4.59b 24.27 ± 0.59 
 32 76.08 ± 2.00d, e 87.63 ± 3.72e 56.41 ± 1.07b, c 61.62 ± 0.92c, d 40.60 ± 6.34a, b 28.63 ± 2.57 
 48 78.80 ± 2.65c 87.16 ± 1.42c 59.93 ± 1.65b 62.95 ± 0.97b 39.22 ± 4.42 31.89 ± 0.66 
Propionate 0 1.02 ± 0.58 1.08 ± 0.73 2.21 ± 0.05 2.17 ± 0.10 0.55 ± 0.40 1.17 ± 0.71 
 5 1.51 ± 0.25 1.89 ± 0.85 4.04 ± 0.66 3.76 ± 0.44 1.34 ± 0.76 1.25 ± 0.77 
 10 5.59 ± 1.45a, b 5.66 ± 1.57a, b 7.03 ± 1.20a, b 7.60 ± 1.25b 3.55 ± 0.95a, b 1.82 ± 0.22 
 18 7.68 ± 1.34a, b 9.04 ± 2.75a, b 10.51 ± 0.87a, b 13.04 ± 1.63b 6.92 ± 2.22a, b 4.00 ± 0.97 
 24 8.43 ± 1.14a, b 9.13 ± 2.05a, b 10.54 ± 1.04a, b 14.18 ± 0.33b 7.10 ± 1.64 4.57 ± 0.99 
 32 8.88 ± 1.00a, b 11.03 ± 2.10a, b, c 13.26 ± 0.63b, c 16.47 ± 0.92c 7.47 ± 1.62a, b 5.35 ± 0.91 
  48 9.11 ± 0.87a, b 11.74 ± 2.01b, c 14.03 ± 0.96b, c 16.51 ± 0.49c 8.49 ± 1.14a, b 5.74 ± 1.08 
Butyrate 0 0.61 ± 0.39 0.62 ± 0.32 0.43 ± 0.05 0.50 ± 0.14 0.49 ± 0.49 0.77 ± 0.42 
 
5 3.22 ± 0.43 2.28 ± 0.57 1.94 ± 0.64 1.69 ± 0.66 2.78 ± 0.87 0.94 ± 0.18 
 
10 7.36 ± 0.78a, b 9.88 ± 2.44a, b 4.42 ± 0.70 3.45 ± 1.57 13.10 ± 3.05b 2.50 ± 0.71 
 
18 14.46 ± 0.18b 15.05 ± 0.89b 9.53 ± 1.26a, b 6.53 ± 0.64 24.46 ± 2.94c 4.92 ± 0.72 
 
24 15.49 ± 0.51a, b 15.99 ± 1.08a, b 10.20 ± 1.73 7.56 ± 0.85 26.08 ± 7.81b 5.60 ± 0.86 
 
32 16.10 ± 0.25a, b 17.32 ± 1.51a, b 12.96 ± 2.03a, b 8.27 ± 0.39 26.98 ± 8.53b 6.48 ± 0.17 
 
48 17.27 ± 0.46a, b 19.87 ± 1.53a, b 14.87 ± 2.42a, b 8.92 ± 0.77 27.42 ± 7.78b 6.95 ± 0.58 
Total SCFA 0 4.81 ± 2.66 4.75 ± 1.48 3.99 ± 0.21 7.17 ± 1.44 1.53 ± 0.35 5.29 ± 2.30 
 
5 26.17 ± 3.44 21.99 ± 7.89 22.18 ± 4.95 25.23 ± 6.08 16.80 ± 5.93 6.34 ± 1.44 
 
10 71.55 ± 7.75b 76.87 ± 12.08b 46.25 ± 3.56a, b 44.58 ± 7.65a, b 48.87 ± 5.64a, b 15.14 ± 2.29 
 
18 96.71 ± 2.83c 104.81 ± 5.29c 68.99 ± 1.58b 64.76 ± 5.26b 75.43 ± 3.68b 29.59 ± 1.31 
 
24 98.74 ± 3.63c 108.36 ± 4.03c 69.02 ± 4.41b 71.22 ± 3.47b 73.55 ± 2.96b 34.44 ± 1.14 
 
32 101.06 ± 2.41c 115.98 ± 2.22c 82.63 ± 3.01b 86.35 ± 2.02b 75.05 ± 3.04b 40.46 ± 2.33 
 
48 105.18 ± 2.20d 118.77 ± 1.24e 88.84 ± 3.36c 88.38 ± 0.91c 75.13 ± 2.40b 44.58 ± 1.81 
Starting concentration of the test substrates were 1% (w/v). Data from an average of three different donors, standard error is shown (n= 3). 
Different letters indicate significant differences (p< 0.05) for the same acid and time (no letter= a). Substrates were compared for seven points 
of fermentation (0, 5, 10, 18, 24, 32 and 48 h). 
a LPOS= Pectic oligosaccharides concentrates from LPW; b SBPOS= Pectic oligosaccharides concentrates from SBP; c LPW Pectin= Pectin 
from lemon peel wastes; d SBP Pectin= Pectin from sugar beet pulp; e FOS: Fructooligosaccharide 
 
  
FIGURE CAPTIONS 
 
Figure 1. HPAEC-PAD chromatograms recorded for pectin and pectic oligosaccharides from 
lemon peel wastes (LPW Pectin and LPOS), before and after of the enzymatic hydrolysis with 
pectin-liase (PL) and endopolygalacturonase (PG). Standard arabinooligosaccharides (Ara 2-6) 
and both saturated and unsaturated oligogalacturonides (DP 1-5; uDP 2-6) are indicated. 
 
Figure 2. Profiles determined for: a) concentrations of glucooligosaccharides, 
galactooligosaccharides, arabinooligosaccharides and oligogalacturonides (GlcOS, GalOS, 
AraOS and OGalA) along fermentations with pectic oligosaccharides from lemon peel wastes 
(LPOS), b) concentrations of GlcOS, GalOS, AraOS and OGalA along fermentations with pectic 
oligosaccharides from sugar beet pulp (SBPOS), c) concentration of total organic acids and d) 
pH. All data are from an average of three different donors. 
 
Figure 3. Bacterial populations at the beginning of fermentations (0 h) and after 24 h (expressed 
as percentage of the total bacteria). All data are from an average of three different donors. 
LPOS= Pectic oligosaccharides concentrates from LPW; SBPOS= Pectic oligosaccharides 
concentrates from SBP; LPW Pectin= Pectin from lemon peel wastes; SBP Pectin= Pectin from 
sugar beet pulp; FOS: Fructooligosaccharides. 
Bif164: Bifidobacterium; Lab158: Lactobacillus/Enterococcus; Bac303: Bacteroides/Prevotella; 
Chis150: Clostridium histolyticum clusters I and II; Ato291: Atopobium; Erec482:  Clostridium 
coccoides/Eubacterium rectale; Fpra655: Faecalibacterium prausnitzii; Rint623: Roseburia 
intestinalis. 
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De acuerdo con la “Normativa Interna de la Universidad de Vigo para tesis 
doctorales”, a continuación se proporciona información detallada de los artículos que 
conforman esta tesis doctoral y criterios de calidad de las revistas en la que están 
publicados; incluyendo el título de la publicación, los nombres de todos los autores y su 
orden, la revista científica, la editorial, el ISSN, el factor de impacto y la posición 
relativa dentro del epígrafe correspondiente en el que se encuentra. 
Anexo A 
 Título: Pectic oligosaccharides: Manufacture and functional properties. 
 Autores: Beatriz Gullón, Belén Gómez, Martina Martínez-Sabajanes, Remedios 
Yáñez, Juan Carlos Parajó y Jose Luis Alonso. 
 Revista: Trends in Food Science & Technology 
 Editorial: Elsevier 
 ISSN: 0924-2244 
 Epígrafe: Food Science & Technology 
 Factor de impacto en el año de publicación (2013): 4.651 
 Posición relativa de la revista en el epígrafe en el año de publicación: 4/123 
Anexo B 
 Título: Pectic oligosaccharides from lemon peel wastes: production, purification, 
and chemical characterization. 
 Autores: Belén Gómez, Beatriz Gullón, Remedios Yáñez, Juan Carlos Parajó y 
Jose Luis Alonso 
 Revista: Journal of Agricultural and Food Chemistry 
  
 Editorial: American Chemical Society 
 ISSN: 0021-8561 
 Epígrafe: Food Science & Technology 
 Factor de impacto en el año de publicación (2013): 3.107 
 Posición relativa de la revista en el epígrafe en el año de publicación: 13/123 
Anexo C 
 Título: Production of pectin-derived oligosaccharides from lemon peels by 
extraction, enzymatic hydrolysis and membrane filtration. 
 Autores: Belén Gómez, Remedios Yáñez, Juan Carlos Parajó y Jose Luis Alonso  
 Revista: Journal of Chemical Technology and Biotechnology 
 Editorial: Wiley-Blackwell 
 ISSN: 0268-2575 
 Epígrafe: Chemical Engineering 
 Factor de impacto (2013): 2.494 
 Posición relativa de la revista en el epígrafe (2013): 29/133 
Anexo D (Proceeding) 
 Título: Searching for new prebiotics for elderly: production and in vitro 
evaluation of pectic oligosaccharides from apple pomace. 
 Autores: Belén Gómez, Beatriz Gullón, Adán Veiga, Juan Carlos Parajó y Jose 
Luis Alonso 
 Revista: The Intestinal Microbiota and Gut Health: Contribution of the diet, 
bacterial metabolites, host interactions and impact on health and disease. 
ENGIHR, European Network for Gastrointestinal Health Research 
(www.engihr.eu). 
 Lugar de celebración y Fecha: IATA (CSIC), Valencia, Septiembre de 2013 
 
 
  
Anexo E 
 Título: Purification, characterization, and prebiotic properties of pectic 
oligosaccharides from orange peel wastes. 
 Autores: Belén Gómez, Beatriz Gullón, Connie Remoroza, Henk A. Schols, Juan 
Carlos Parajó y Jose Luis Alonso 
 Revista: Journal of Agricultural and Food Chemistry 
 Editorial: American Chemical Society 
 ISSN: 0021-8561 
 Epígrafe: Food Science & Technology 
 Factor de impacto (2013): 3.107 
 Posición relativa de la revista en el epígrafe (2013): 13/123 
Anexo F 
 Título: Prebiotic potential of pectins and pectic oligosaccharides derived from 
lemon peel wastes and sugar beet pulp: a comparative evaluation. 
 Autores: Belén Gómez, Beatriz Gullón, Remedios Yáñez, Henk A. Schols y José 
Luis Alonso 
 Revista: Journal of Functional Foods 
 Editorial: Elsevier 
 ISSN: 1756-4646 
 Epígrafe: Food Science & Technology 
 Factor de impacto (2013): 4.480 
 Posición relativa de la revista en el epígrafe (2013): 5/123 
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Autores: C.-T. Buruiana, B. Gómez, G. Garrote, C. Vizireanua 
Título: Comparison between single and two-stage hydrothermal pretreatment for 
xylooligosaccharides production from corn stover. 
Tipo de participación: Comunicación Póster 
Lugar celebración: Galati (Rumanía)                  Fecha: 4-5 Junio (2015) 
 
 
 
 
 
 
 
 
 Belén Gómez Álvarez (galvarez.belen@gmail.com)  
 
 
Jornadas “Refinado de Biomasa y Desarrollo Sostenible”  
- Iniciativas industriales en el campo de productos derivados de biomasa (Noviembre, 2009) 
- Desarrollos en el campo de los antioxidantes: actividad, propiedades y aplicaciones (Julio, 
2010) 
- Nuevos productos y tecnologías para el procesamiento de polisacáridos (Julio, 2010) 
- Nuevas tecnologías en el campo de los antioxidantes: extracción y purificación de 
compuestos bioactivos (Julio, 2010) 
Tipo de participación: Asistencia 
Lugar de celebración: Facultad de Ciencias Ourense (España)  Duración: 20 h 
 
Acción divulgativa “Nuevas perspectivas del empleo de compuestos bioactivos en el sector 
alimentario” 
Tipo de participación: Asistencia 
Lugar de celebración: Centro de Investigación, Transferencia e Innovación (CITI) de la 
Universidad de Vigo,  Ourense (España) 
Fecha: 9 Junio de 2011   Duración: 7 h  
 
Jornadas de Investigación Biomédica 
Título: Obtención y evaluación de nuevos prebióticos derivados de pectinas y hemicelulosas 
Autores: B. Gullón, P. Gullón, R. Yáñez, M. Martínez, S. Rivas, B. Gómez, J.L. Alonso, J.C. 
Parajó. 
Tipo de participación: Comunicación oral 
Lugar de celebración: Ourense (España)  Fecha: 14 de Marzo de 2012 
 
II Jornadas sobre biomasa, una fuente inagotable de posibilidades  
Tipo de participación: en calidad de docente 
Lugar de celebración: Edificio Politécnico de Ourense (España) 
Fecha: 15-18 Julio de 2013   Duración: 32 h  
 
Curso de Inglés - Nivel B1 de 90 horas totales de duración organizado por el Centro de Lenguas 
de la Universidad de Vigo entre Octubre de 2007 y Mayo de 2008. 
 
Curso de Gestión de Calidad de 60 horas de duración organizado por el Aula Menor de Ourense 
en Febrero de 2010. 
 
Curso de Prevención de Riesgos Laborales de 50 horas de duración organizado por el Aula 
Menor de Ourense en Junio de 2015. 
   Belén Gómez Álvarez (galvarez.belen@gmail.com) 
 
 
 Estancias en centros extranjeros 
 
Centro receptor: Laboratory of Food Chemistry, Wageningen University 
Localidad: Wageningen País: Holanda  Fecha: 30/01- 30/03 de 2014 (2 meses) 
Persona responsable en la institución receptora: Dr. Henk A. Schols 
Tema: Aprendizaje y aplicación de nuevas técnicas instrumentales en el campo de la 
caracterización química (HPAEC-PAD/UV, HPSEC, UPLC-ELSD-MS, GC-FID, MALDI-
TOF, …). 
 
 Dirección de trabajos 
 
Codirección del Proyecto fin de carrera de Ingeniería técnica agrícola titulado: “Obtención de 
oligosacáridos a partir de cáscaras de limón por vía enzimática” defendido por María Bravo 
Torres el día 22 de Mayo de 2013 en la Facultad de Ciencias (Ourense), con la cualificación de 
Matrícula de Honor. 
 
 Docencia impartida 
 
Asignatura: Operaciones básicas II 
Titulaciones: Ciencia y tecnología de los alimentos e Ingeniería Agraria 
Centro: Facultad de Ciencias de la Universidad de Vigo (Ourense) 
Curso académico: 2013-2014 y 2014-2015 
 
Asignatura: Xestión de residuos 
Titulaciones: Ciencia y tecnología de los alimentos, Grado de Medio Ambiente e Ingeniería 
Agraria 
Centro: Facultad de Ciencias de la Universidad de Vigo (Ourense) 
Curso académico: 2014-2015

